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Hydrogenation of CO2 to formate serves as a means of H2 storage. By utilizing robust, 
electron-rich and bulky tetrazolyl ligands, active catalysts for CO2 hydrogenation can be 
prepared. We have prepared CO2 hydrogenation iridium(III) and palladium(II) catalyst 
precursors utilizing N^N bidentate tetrazolylpyridyl that operate in water as a solvent. 
Turnover numbers (TONs) of around 500 could be obtained using these N^N bidentate 
precatalysts at low catalyst loading. In situ 
1
H NMR spectroscopic data obtained when the 
hydrogenation catalyst was N^N bidentate tetrazolylpyridyl iridium(III), detected a hydrido 
bridged binuclear iridium intermediate compound that was formed prior to the formation of 
the catalytically active iridium hydride species. This hydrido bridged iridium intermediate is 
observable by in situ 
1
H NMR spectroscopy even after extended periods of storage. In 
addition, it was demonstrated that product formation in the CO2 hydrogenation, catalyzed by 
these tetrazolylpyridyl iridium and palladium catalysts, proceeds via either CO2 
hydrogenation or NaHCO3 reduction. 
 
Subsequently, introducing proton responsive OH groups on the N^N bidentate 
tetrazolylpyridyl iridium(III) precatalysts, served to increase catalytic activity as a result of 
oxyanion-assisted H2 cleavage prior to the formation of the catalytically active iridium 
hydride species. This resulted in TON improving from around 500 to 3000. The presence of 
the proton responsive group served as the preferable mode of H2 cleavage since iridium 
hydride formation by hydrido bridged binuclear iridium intermediate species was not 
observed. Changing the metal from iridium to ruthenium for these classes of complexes 
indicated similar activation mechanisms for ruthenium hydride formation in addition to 
bicarbonate and CO2 reduction in contrast to only CO2 reduction for the iridium variants. For 
these classes of proton responsive ligands, iridium precatalysts were found to be more active 
for CO2 reduction when compared to their ruthenium analogues. 
A second class of chiral-at-metal iridium and palladium complexes were accidentally 
prepared as a result of the P-S heterolysis in 5-((dialkylphosphino)thio)-1-phenyl-1H-
tetrazole prior to complexation with iridium and palladium metal precursors. The resulting 
complexes possess proton responsive P-OH groups that contributed towards H2 cleavage 
resulting in highly active CO2 hydrogenation catalysts. These monometallic complexes were 
converted into homo and heterobimetallic complexes for CO2 hydrogenation with TON as 
high as 3144 as a result of secondary metal dissociation or secondary metal-assisted electron 
donation during the formation of the catalytically active hydrogenation species. These 
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Review of transition metal catalyzed CO2 hydrogenation 
1.1 Introduction: Carbon dioxide capture, sequestration and transformation 
The amount of carbon dioxide (CO2) emitted as a result of the burning of fossil fuels has 
increased over the years as a result of the rising energy demand and energy use in the world. 
This increased production of CO2 has dire consequences for our environment as a result of 
the greenhouse effect of CO2 emmision.
1
 Currently a number of approaches are under 
consideration for the reduction of the use of fossil fuels as well as reduction in CO2 
emissions. One approach is to increase efficiency in electrical energy production. Currently, 
efficiency in producing electrical energy averages around 30% but may be increased to as 
high as 53% with the use of inventive technologies such as integrated gasification combined 
cycle (IGCC) in the production of electrical energy.
2
 These new technological approaches 
may contribute to the reduction of CO2 emissions but they also have their drawbacks such as 
the cost in revenue and time required to convert all existing low-efficiency power plants to 
more efficient and environmentally friendly alternatives.
2
 
Other approaches towards reduction of CO2 emission to mitigate its environmental effect are 
insulation of buildings in order to use less heating and air conditioning, use of more fuel-
efficient vehicles for transport, using more efficient electrical appliances while creating a 
more mindful personal attitude towards energy use. In addition, shifting fuel sources from 
coal to natural gas can contribute a reduction in CO2 emission as coal emits about 950 g of 
CO2 per kWh as compared to 497 g per kWh for natural gas. These approaches can also 
contribute to conserving resources whilst reducing CO2 emission.
2
  
In recent times, carbon capture and sequestration has been considered for its large potential in 
reduction in the amount of CO2 in the environment. However, such technology is only storing 
about 4.7 MtCO2/year in five tentative projects around the world.
1
  Limitations to capturing 
and sequestration of CO2 are the high costs involved in separation and housing of the gas as 
well as the uncertainty in terms of long term and environmental impacts of storing large 
amounts of CO2 on natural systems.
1,2
  As a result of these limitations, CO2 capture and 
sequestration has not been accepted by several developed countries such as Germany, Austria 
and Denmark. Therefore, the utilization or transformation of thermodynamically stable CO2 
into value-added products such as chemical feedstocks as well as transportation fuels has 
10 
 
become an intriguing and challenging research area.  This approach would recycle carbon, 
reducing both the extraction of fossil-fuel, thus preserving resources, reducing the emission 
of CO2 and dependence on non-renewable resources. As a result, current attempts have been 
aimed at the design and development of catalysts capable of activating CO2.
1-5
  
One alternative source of energy for the next generation which is devoid of the environmental 
hazards or drawbacks of CO2 is hydrogen. This is due to its high gravimetric energy as well 
as water being the only product of its oxidation.
1
  However, handling, transferring and storing 
hydrogen is a precarious activity as a result of its explosive nature and low volumetric energy 
density. Therefore, the design and development of alternative forms of hydrogen storage 
media has become an attractive area of research.
1
 Currently, ammonia borane, organic 
hydrides, and formic acid have been used as hydrogen storage media. Formic acid,  however, 
has potential to be used as hydrogen storage medium because of several advantages it 
provides. It is a liquid under ambient conditions, while being nontoxic toward the human 
body and the environment. In addition, it contains 4.4 wt % hydrogen.
1
  
Formic acid, which is a primary product of the chemical industry is most commonly 
synthesized by methanol carbonylation, followed by the hydrolysis of the formate ester with 
excess of water.
1,6
  However, hydrogenation of CO2 with the subsequent dehydrogenation of 
formic acid under mild conditions to yield H2 gas is vital for the design and development of a 
hydrogen storage system. CO2 is readily available and is an abundant resource. As such, 
formic acid can be synthesized by CO2 hydrogenation and this is an impressive approach 
which is also sustainable. In addition to the CO2 hydrogenation route being less resource 




Unfortunately, this transformation is very energy demanding as a result of the inherent kinetic 
and thermodynamic barriers involved in the activation of CO2.
6
 One strategy to overcome the 
thermodynamic limitations in activating CO2 is the use of an array of homogeneous or 
heterogeneous catalysts. These catalysts mostly contain noble metals such as Ir, Ru and Rh  
which may be combined with ligands based on half-sandwich or pincer scaffolds, to yield 




Recovery and reuse of CO2 in the synthesis of chemicals is a reaction that began as early as 
the second half of the 1800s. The earliest processes were purely thermal reactions, with some 
11 
 
examples being the synthesis of urea by the thermal reaction of NH3 and CO2 and the 
synthesis of salicylic acid by the reaction of phenol salts (mostly Na and K) with CO2 under 
pressure at temperatures between 370-430 K.
2
 
Recently, other routes for utilizing CO2 such as the electrochemical route have presented an 
opportunity for valorizing CO2 rich waste streams which will lead to the production of highly 
valuable chemicals. The electrochemical reduction of CO2 with metals suspended in different 
electrolytes has been explored as a means of valorizing CO2 however there are technological 
challenges that must be addressed. These challenges include the high overpotentials that are 
needed to produce value-added chemicals from CO2 at a reasonable rate,
7
 low CO2 solubility 
in electrolytes as well as the pronounced H2 formation as a side product from the reduction of 
water. In addition, the reaction mechanisms for these types of reactions are not well 
understood as well as challenges involved in the production of highly active and selective 
electrodes for CO2 reduction.
7
 Another method for CO2 reduction is by photochemical 
reduction which involves harnessing the sun’s energy to convert CO2 to value-added 
products. Despite relying on a renewable energy source (the sun) to reduce CO2, these 
approaches result in low turnover rates. In addition, because CO2 is very stable as compared 
to other carbon containing compounds present as contaminants on the surfaces of the semi-
conductors used for these reactions, there is often an overestimation of the catalytic activity 




1.2 Homogeneous catalyzed CO2 reduction 
Since CO2 is an abundant safe and economical C1 source, the capturing and conversion of 
CO2 to high value products such as formic acid is a promising route to reduce or mitigate 
climate change that is caused by the high amounts of CO2 present in the environment. In 
addition, this route provides a sustainable approach for the production of these high value 
chemicals. Homogeneous catalytic hydrogenation of CO2 therefore provides one approach to 
transform CO2 into valuable chemicals reducing our dependence on fossil fuels. Several 
metals such as iron, ruthenium, rhodium and nickel have been reported with varying amounts 
of success for the hydrogenation of CO2.
8
 Weilhard et al. reported highly effective catalysts 
for CO2 hydrogenation based on a synergistic combination of ionic liquids with basic anions 
and simple catalysts derived from [Ru3(CO)12].
6
 High TON (around 17000) were reported for 
these catalytic systems with resulting formic acid solution concentrations up to 1.2 M being 
12 
 
produced. It was observed for these catalytic systems that, the catalytically active Ru-H 
species was made from the imidazolium based ionic liquids which had acetate anions. The 
ionic liquids also served as catalyst stabilizers and acid buffers that resulted in the reaction 
proceeding at mild reaction temperatures (around 60 -80 
o
C) while promoting easy separation 




Himeda  et al. designed and synthesized  water soluble Ir(III) catalysts for CO2 
hydrogenation in order to determine the role of the ligands used in activating CO2 via 
electronic and second-sphere coordination effects.
9
 They reported high catalytic activity for 
[Cp*Ir(6,6’-R2-bpy)(OH2)]SO4 (bpy = 2,2’-bipyridine, R = OH) at ambient temperatures and 
pressures for CO2 hydrogenation. A strong correlation between hydride, methyl, methoxy and 
hydroxy substituents present on the bipyridine ring on the catalyst and the catalytic activities 
of the various catalysts as a result of electronic effects were also observed. As observed from 
their plausible mechanism of action (Scheme 1.1), the catalytically active Ir-H species 
formation was observed to be facilitated by pendant base effect of O
-
 which contributed 





Scheme 1.1: Plausible mechanism for CO2 hydrogenation using [Cp*Ir(6,6’-R2-








 for pendant base effects for CO2 hydrogenation were made for 
bidentate pyridine-diazole pentamethylcylopentadienyl iridium complexes by Ertem et al.  
These complexes were catalytically active for the hydrogenation of CO2 under mild reaction 
conditions of temperature (50 
o
C) and pressure (1 MPa CO2:H2 1:1) with TON as high as 
11000.  
 
It was observed that complexes with both a hydroxyl and an uncoordinated NH group 
reported high turnover frequencies of around 1000 to 2000 per h. These complexes were 
capable of generating pendant base sites in basic solution as a result of the deprotonation of 
the hydrogen present in the OH or NH groups. Spectroscopic and computational studies 
indicated that the deprotonation of these groups resulted in active species with varying 
electronic properties as well as increased the interactions between the pendant base sites and 




Ruthenium complexes used for homogeneous catalysis have found a variety of applications 
such as in hydroboration of ketones and nitriles, or hydrogenation of ketones.
11–16
 In 
hydrogenation reactions, ruthenium complexes have been found to be very active precatalysts 
using either molecular hydrogen, isopropanol or formic acid as hydrogen source. Ruthenium 
complexes have been shown to hydrogenate supercritical CO2, NaHCO3 in addition to 
reversibly converting formic acid back to hydrogen.
17–21
 Various heterogeneous and 
homogeneous catalysts based on metals such as gold, cobalt, manganese and iron have been 
utilized for CO2 hydrogenation.
22–30
 However, some of the most promising catalytic systems 
involve the use of iridium or ruthenium complexes in homogeneous CO2 hydrogenation. 
Generally, these complexes posses proton responsive OH or NH groups which under basic 
conditions provide a basic site to assist in heterolysis of H2 prior to the formation of the 
catalytically active transition metal hydride species. In addition, these groups may also 
increase electron donation to the metal center upon deprotonation of the protons leading to 
increased catalytic activity.
31–35
 In addition to the role of the proton responsive group for CO2 
hydrogenation, other factors may play a role towards increased catalytic activity. Sanford and 
co-workers reported on the hydrogenation of CO2 to formate exploring the influence of a base 




Using diglyme as solvent and K2CO3 as base TON of about 23000 could be achieved at 200 
o
C and 40 bar 1:3 CO2:H2. This increased catalytic activity was observed as result of the ease 
14 
 
with which the base could be dissolved as compared to the use of nonpolar anisole under the 
same reaction conditions. By comparing the TON obtained by using a variety of bases, the 
choice of base may influence the deprotonation of the ruthenium formate species as 
compared to an analogous iridium formate species.
36
 Similar observations were made by 
Jessop and co workers
37
  by using methanol as an additive when hydrogenating CO2 in the 
presence of Et3N as base. However, there may be an increased dissolution of H2 in these 
solvent mixtures considering the very high pressures of CO2 used (above 40 bar) for the 
reaction. This increased activity may be as a result of the change in physical properties such 
as the viscosity and dielectric constant of the liquid phase upon dissolution of gas and 
subsequent expansion of volume.
37
 As such in the design of effective catalytic systems for 
CO2 hydrogenation, a variety of conditions for the reaction as well as various properties for 
the catalyst need to be established to achieve highly active catalysts. 
1.3 Iridium complexes with pincer ligands as catalysts for CO2 hydrogenation 
Recently, iridium homogeneously-catalyzed hydrogenation of carbon dioxide with an 
assortment of pincer ligands have been reported since the introduction of the 
trihydridoiridium PNP pincer complex by Nozaki et al. which showed remarkable catalytic 





 However, this catalytic system required the use of a strong base in order to 
achieve high catalytic activity for the hydrogenation of carbon dioxide. However, the use of 
strong base during the catalytic process will require the addition of strong acid in order to 
isolate formic acid. This process generates along with the desired formic acid other unwanted 
inorganic salts.
39
 Therefore, the development of highly catalytically active systems for the 
hydrogenation of carbon dioxide using organic/less volatile bases are desirable. Nozaki et al. 
reported the catalytic activity of pyridine and pyrazine-based PNP and methoxy-substituted 
PNP iridium(III) complexes (Figure 1.1) for the hydrogenation of carbon dioxide using 
triethanolamine as the base. 
 





Using triethanolamine as the base for the hydrogenation reaction, high TON could be 
obtained with the methoxy-substituted PNP hydridodichlorido iridium complex being the 
most catalytically active with TON of 160 000. This was under a 1:1 CO2:H2 pressure of 5 
MPa, 1 M aqueous solution of the base at 150 
o
C in 13 h. In addition, mercury drop tests 
confirmed the homogeneity of the catalytic systems for the CO2 hydrogenation. In addition, 
other similarly high TON (200 000) have been obtained for carbon dioxide hydrogenation 
using DBU as the base.
24
 For these iridium(III) PNP complexes, the electron-donating ability 
of the methoxy group improved the catalytic activity of the catalytic hydrogenation system. 
The pyrazine-based complexes were observed to undergo a reversible uptake and release of 
dihydrogen in the presence or absence of dihydrogen. However, the p-methoxy-substituted 
dihydridochlorido complex demonstrated facile disproportionation of its chloride anion as a 
result of the electron donation from the methoxypyridine backbone. Interestingly, for these 
catalytic systems, the nature of the counterion present was observed to play a role in the 
catalytic reaction as demonstrated by computational studies. This is as a result of the 
counterions being required to stabilize various cationic intermediates present during the 
catalytic cycle. This theoretical prediction was also observed experimentally when the 




Similarly, high catalytic activity by the iridium complex [IrIII(H)(bisMETAMORPhos)] (1.1) 
for CO2 hydrogenation using DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) as an organic base 
has been reported by Reek et al. 
41
 (Scheme 1.2). 
 




Using an iridium(III) monohydride species that had chemoresponsive ligands, carbon dioxide 
could be efficiently hydrogenated to formic acid in the presence of DBU as a base using 
DMSO as the solvent.
41
 In addition, spectroscopic and computational data demonstrate the 
formation of a trans-Ir(III)dihydride species as an essential intermediate in the catalytic cycle 
16 
 
for the reduction of carbon dioxide. In the absence of the base or even with the use of 
triethylamine as the base, poor TON (30) was obtained for this catalytic system at 90 minutes 
with no significant increase in TON observed when the reaction time was doubled. However, 
the addition of 1 mmol DBU during the catalytic process led to a TON of 685 after 180 
minutes. This remarkable improvement was attributed by Reek et al. to be due to the 
difference in basicity of triethylamine and DBU in DMSO.
41
 When 1.1 was dissolved in 
DMSO-d6 and a 
1
H NMR spectrum obtained, the presence of six different hydride signals 
between 24 and 29 ppm were observed. These various hydrido species were attributed by 
Reek et al. to be possibly due to the coordination of either DMSO water or oxygen to the 
xanthenes backbone, the formation of the corresponding dimer from 1.1 or the presence of 
differing diastereoisomers by the rotation of the sulfone group.
41
 However, pressurizing the 
DMSO-d6 solution with 50 bar of 1:1 CO2:H2 as well as heating to 373 K resulted in the 
formation of a new specie which upon characterization was noted to be fac-
[IrIII(H)(bisMETAMORPhos)] 1.3. Upon releasing the pressurized gases and heating the 
solution, the new hydride signals were observed to disappear as well as the regeneration of 
1.1. This indicated the reversible formation of 1.3 via its corresponding dihydride species 
intermediate 1.2 in the presence of hydrogen. Interestingly, by monitoring the progress of the 
formation of formate in the presence of the  dihydride intermediate 1.2 as well as in the 
trihydride species 1.3,  Reek et al. concluded the dihydride intermediate to be the 
catalytically active species while the trihydride species served as the dormant species. These 
assertions were also corroborated by DFT calculations which showed the trihydride species to 
be lower in energy as compared to the dihydride species as observed experimentally.
42
 This is 
in contrast to the generally observed CO2 hydrogenation for which trihydrido iridium species 




Late-transition-metal–amine complexes, possessing a nitrogen donor atom with strong 
nucleophilicity, basicity, and electron-donating ability, have been used in metal-ligand 
cooperative catalysis.
45–47
 Examples include the use of various P^N(amine)^P ligands in the 
synthesis of transition metal complexes with remarkable activity for hydrogenation 
reactions.
44,48–50
 P^N(imine)^P Iridium (III) complexes (Figure 1.2) were reported by Zhou 







Figure 1.2: P^N(imine)^P iridium(III) complexes by Zhou et al.
51
 for CO2 hydrogenation.  
 
The catalytic activity of iridium(III) P^N(imine)^P complexes 1.4 and 1.5 were initially 
evaluated for carbon dioxide hydrogenation using a total pressure of 60 atm of a 1:1 mixture 
of CO2:H2 in aqueous KOH at 140 
o
C for 20 h. Under these conditions, 1.4 and 1.5 achieved 
93% and 99% yields of formate respectively. Interestingly, reducing the catalysts loading to 
0.001 mol % resulted in a relatively high yield of 81% for the tertiarybutyl substituted 
complex 1.5 with only a 23% yield obtained for the phenyl substituted complex 1.4. These 
observations suggest for these catalytic systems steric bulk might be an important factor for 
the efficient hydrogenation of carbon dioxide. Similar variants involving P^N^N and P^N^O 
Iridium complexes were also synthesized and compared to complexes 1.4 and 1.5 for the 
hydrogenation of carbon dioxide. These variants exhibited very poor catalytic activity for 
CO2 with yields ranging between 1% and 14%. A metal-imine cooperative catalysis was 
proposed as a means of hydrogenation of carbon dioxide by P^N(imine)^P iridium(III) 
complexes 1.4 and 1.5. The general reaction mechanism involves the addition of H2 across 
the imine double bond of 1.5 resulting in the formation of its corresponding reduced 
trihydride species E. This complex could be observed and isolated at 75% yield and 




Scheme 1.3: Catalytic cycle for P^N(imine)^P iridium(III) catalyzed CO2 hydrogenation. 
Base-assisted addition of the N-H in the in situ  generated amine as well as the addition of a 
hydride ligand on the iridium center to carbon dioxide through a six membered intermediate 
F results in the formation of the iridium dihydrogen species G as well as the generation of 
formic acid. Intermediate G could also be detected by NMR was prepared independantly by 
the addition of CO2 to complex E and was obtained in 69% yield. However, this compound 
was found to quickly convert to 1.5. For the final step of the catalytic cycle, hydrogen 





Experimental and computational approaches show  that  an electron-rich ligand improves the 
catalytic activity for the CO2 hydrogenation by stabilizing various key cationic 
intermediates.
40,43,52
 In order to synthesize complexes with strongly electron-donating 
ligands, a variety of P^X^P ligands have been developed with the aim of obtaining enhanced 
coordination of donor ligand X in the resulting transition metal complex. These electron-
donating moieties could be both neutral or anionic.
53–56
 By using carbenes as the central 





Therefore, introducing electron-donating carbenes in pincer P^C^P iridium complexes for 
CO2 hydrogenation may result in increased catalytic activity. Nozaki et al. prepared a P^C^P 
iridium complex 1.6 (Figure 1.3) which upon reaction with hexachloroethane, HCl or lithium 
triethylborohydride (in a H2 atmosphere) resulted in the addition product being  trichlorido, 





Figure 1.3: P^C^P iridium complexes by Nozaki et al.
58
 for CO2 hydrogenation. 
 
The carbene complexes were evaluated for CO2 hydrogenation and demonstrated high 
catalytic activity with TONs as high as 230 000 obtained for 1.6 using a 1:1 5 MPa CO2:H2 
mixture at 120 
o
C for 46 h using triethanolamine as base. These complexes were significantly 
more active for CO2 hydrogenation as compared to the trihydrido iridium(III) species 
reported earlier by Nozaki et al.
38
 For these catalytic systems, the strong electron-donating 
ability of the carbene was confirmed via X-ray crystallography and computational 
calculations. The carbene analogues 1.8 and 1.9 were observed to have longer Ir-Cl bond 
lengths as compared to the complex 1.10 demonstrating the stronger σ donation of carbene 
ligands as compared to pyridine. Computational calculations also showed that oxidative 
addition of dihydrogen to 1.6 and 1.7 was endorgenic by 13 kcal/mol and exorgenic by -17 
kcal/mol respectively. This preference for low oxidation states by the P^C^P iridium 
complexes was attributed to the increased stabilization of Ir dyz and dz
2
 orbitals as a result of 
back donation to the empty p orbital on the carbene carbon. Thus the enhanced catalytic 
activity by the P^C^P iridium complexes as compared to the P^N^P iridium analogues 
observed experimentally was attributed to the strong π back-donation as well as the strong σ 
donation characteristics that exists in P^C^P iridium complexes which made the catalyst 
stable. In addition the enhanced catalytic activity was also attributed to improved stabilization 






  re -Torrente et al. also demonstrated the catalytic activity of a zwitterionic iridium(I) 
carbene complex 1.11 (Scheme 1.4) for CO2 hydrogenation.
59
 Using triethylamine as organic 
base, the [Ir(cod){(MeIm)2CHCOO}] complex catalyzes the hydrogenation of CO2 to formate 
in water with TON of approximately 1 500. This CO2 hydrogenation activity was observed 
using a relatively mild reaction temperature of 110 
o
C, reaction time of 72 h, catalyst loading 
of 5 μmol, at 60 atm (H2:CO2; 2:1).  
 
Scheme 1.4: Iridium carbene complex for CO2 hydrogenation. 
 
Computational and experimental evidence for the catalytic cycle indicated the participation of 
the bridging carboxylate group present on the ligand in 1.11 resulting in the formation of a 
pincer C^O^C complex 1.13. The carboxylate moiety contributed towards the stability of the 
new iridium(III) complex while the electron rich iridium center contributes to the activation 
and subsequent hydrogenation of the 1,5-cyclooctadiene prior to ligand displacement.  
Displacement of the 1,5-cyclooctadiene by water then results in the formation of the 
catalytically active specie 1.15 for CO2 hydrogenation. For this catalytic system, the authors 
investigated the role of the base in CO2 hydrogenation with regards to whether the role of the 
base is solely in the formation of formate salts and/or in the assistance of the formation of the 
catalytically active iridium hydride species. Interestingly, kinetic experiments and theoretical 
calculations indicated both roles were being performed by the base during the catalytic cycle. 
However, due to theoretical calculations indicating feasibility of a base free mechanism as 
21 
 
well as the observation of small amounts of formic acid during experiments, a base free 




1.4 Iridium complexes with bidentate ligands as catalysts for CO2 hydrogenation 
Another class of effective catalytic systems for CO2 hydrogenation are the iridium half-
sandwich complexes. They have been shown to demonstrate impressive catalytic activity for 
both CO2 hydrogenation and formic acid dehydrogenation.
60–65
 Himeda et al. in 2011 
demonstrated the electron-donating ability of the N,N’-bidentate ligands present on iridium 
half-sandwich complexes enhances the catalytic activity of the complexes for CO2 
hydrogenation through electronic effects. More recently in 2017, Himeda et al. synthesized 
iridium(III) cyclopentadienyl complexes consisting of pyridyl-diazole ligands for CO2 
hydrogenation.
10
 These classes of ligands were chosen in order to introduce electron-donating 
functional groups (in this case hydroxyl groups) on the ligand as well as the inclusion of 
electron rich diazole ring in the resulting complex.
10
 The presence of the hydroxyl groups 
have been shown to deprotonate under basic conditions resulting in the formation of strongly 
electron-donating oxyanion groups. This oxyanion group has been shown to contribute 
towards dihydrogen activation and cleavage through second sphere coordination effects 
leading to the formation of the catalytically active Iridium hydride specie during CO2 
hydrogenation.
9,67,68
 UV-Vis studies of these complexes indicated their proton responsive 
nature for which spectral changes corresponding to the deprotonation of pendant OH basic 
sites as well as aquation of the chloride ligands present on the iridium center were observed. 




 present on transition metal complexes as 
effective substrates in their reaction with benzyl alcohols to give aldehydes. As evidenced 
from the experimental CO2 hydrogenation, precatalysts with pendant base OH sites were 
more effective for the catalytic reaction. TON as high as 11 000 could be obtained in 24 h 
under relatively mild reaction temperatures and pressures of 50 
o
C and 1 MPa (H2:CO2, 1:1) 
respectively using KHCO3 as base. Thus the most active precatalysts were iridium N^N 
bidentate pyridyl pyrazole/imidazole complexes containing both proton responsive OH and 
NH groups. In addition computational studies confirmed the participation of these proton 
responsive groups in the catalytic cycle especially towards the formation of the 






Another proton responsive bibenzimidazole ligand as an Iridium half-sandwich complex has 
been reported for CO2 hydrogenation by Yoon et al.
69
 This catalytic system was expected to 
be highly active for CO2 hydrogenation due to the presence of six  -electrons in a 5-member 
imidazole ring structure, which would result in high electron donating ability as compared to 
the use of an unprotonated bipyridine ligand.
9
 In addition, these iridium half-sandwich 
complexes had proton responsive N-donor ligands that could generate an N
-
 by the 
deprotonation of the bibenzimidazole group under basic conditions during the hydrogenation 
reaction. In situ 
1
H NMR spectroscopic experiments of chloro substituted complex 16 under 
basic CO2 hydrogenation conditions, indicated that the formation of the dianionic ligand 1.17 




Scheme 1.5: Proton responsive iridium half-sandwich complex (red arrows indicating 
electron donation) 
High TONs of 1 750 could be achieved for CO2 hydrogenation to give formate at 4 MPa 
(CO2: H2, 1:1) at 80 
o
C for 38 h in a 1 M KOH solution of MeOH/H2O (1:1) mixture. In 
addition, comparison of the bibenzimidazole complex which was about 20 times more active 
than the bipyridine iridium half-sandwich analogue highlighted the increased electron-
donating ability of the bibenzimidazole.
31
 However, for this catalytic system, it was observed 
that TOF was significantly higher during the first 15 min and decreased with time. The 
crystal structure of 1.16 indicated that 1.16 had longer Ir–N (2.127 °A) and Ir–Cp* (1.789 
°A) bond lengths as compared to [Cp*Ir(Bpy)Cl]Cl
9
  which had Ir- N and Ir–Cp* of 2.076 °A 
and 1.785 °A respectively. These elongated bond lengths in 1.16 for Ir–N and Ir–Cp* was 
attributed to the steric bulk of the bibenzimidazole ligand as compared to pyridine. Therefore 
1.16 was expected to have a weaker Ir–N and Ir–Cp* bond interactions which in turn might 
lead to dissociation and result in structural instability under CO2 hydrogenation conditions.
69
 
Similar observations were made by Wang et al. 
33
 and Onishi et al. 
70
 where a series of 
iridium catalysts with electron-donating imidazoline ligands could be used efficiently for the 
23 
 
hydrogenation of CO2 to formate in aqueous solution. These complexes were observed to be 
significantly more active than their imidazole analogues attaining TOF of around 1290 h
-1
 for 
bisimidazoline compared TOF of 20 h
-1







Designing iridium catalysts with enhanced electron-donating properties, second sphere 
coordination effects and the use of electron rich N-based ligands resulted in the preparation of 
highly active iridium half-sandwich complexes for CO2 hydrogenation by Onishi et al.
71
  
(Scheme 1.6). Using an iridium half-sandwich complex with 4-hydroxy-N-
methylpicolinamidate as the ligand, CO2 could be efficiently hydrogenated even under 
ambient conditions (0.1 MPa, 25 °C) in basic water. This catalytic system generated a TON 
of 14 700, and TOF of 167 h
−1
, resulting in the production of a concentrated 0.64M formate 
solution. This high catalytic activity was attributed to the increased electron donation from 
the anionic amide moiety as well as from the oxyanion moiety. 
 
 
Scheme 1.6: Iridium half-sandwich complexes with electron-rich imidazoline groups.
71 
 
From this work, Onishi et al. demonstrated that non-aromatic imidazoline moieties were 
more efficient ligands than aromatic imidazole moieties. This was as a result of the restricted 
delocali ation of π-electrons within the amidine moieties. From DFT calculations, the 
proposed mechanism for the mode of action for these catalytic systems showed the binding of 
H2 to a vacant site on the iridium center after dissociation of an aqua ligand. This is then 
followed by direct H2 heterolysis using the amide moiety as the proton acceptor resulting in 
the formation of the iridium hydride (Ir−H) intermediate. DFT and KIE experiments both 
confirmed direct heterolysis as the preferred route of formation over a H2O or HCO3
-
 assisted 
H2 heterolysis. The final steps for the mechanism then involves an electrophilic attack by 
CO2 on the Iridium hydride species to yield an iridium formate (Ir−OCHO) intermediate 
which undergoes dissociation of formate in order to regenerate the catalyst.
71
 In contrast to 
24 
 
several instances where the formation of an iridium hydride species has been shown to be the 
rate limiting step, Li et al. demonstrated that the rate limiting step for the iridium catalyzed 
CO2 hydrogenation can also be the step involving the insertion of CO2 into the iridium-
hydride bond.
9,67,72




Using a series of N,N’-diimine ligands that generated IrCp
*
 complexes in situ, CO2 could be 
efficiently hydrogenated to formic acid with TON over 10 000 at 40 
o
C and a pressure of  
7.6 MPa (CO2:H2 1:1).
74
 These high TON were observed despite CO2 hydrogenation being 
carried out in the absence of a base. The presence of a base is generally required to improve 
the enthalpy of CO2 hydrogenation or to consume the formic acid as it is being generated in 
order to form formate in effect shifting the equilibrium forward. In other cases the base has 
been required in order to accelerate the H2 heterolysis in effect kinetically promoting the 
catalytic activity.
4,10,75,76
 DFT and KIE experiments indicated water plays a vital role for these 
classes of catalysts especially as it resulted in the formation of Iridium-aqua complexes as the 
resting state for the catalyst. The catalytic cycle for these complexes thus involved the 
hydrolyses of iridium-chloro complexes in order to form the iridium-aqua analogues in situ. 
This is then followed by dihydrogen coordination to the iridium center upon dissociation of 
the aqua ligand. H2 cleavage and subsequent insertion of CO2 into the Ir-H bond results in the 
formation of the iridium-formate intermediate which in aqueous acidic conditions yields 




Other recently reported bidentate iridium catalytic systems for the CO2 hydrogenation include 
those of N-heterocyclic carbene ligands by Papish et al.
77
 In general, for these groups of 
complexes, proton responsive factors or second sphere coordination effects were also 
observed to play a role in CO2 hydrogenation. Interestingly, for one of the most active 
catalyst from this system, UV-Vis characterization as well as NMR spectral evidence after 
hydrogenation indicated the catalyst undergoes changes during the catalysts cycle, from an 
N^C bidentate Iridium complex to a C^C bidentate iridium complex after the reaction. 
Although not able to isolate 1.19, a similar cyclometalated complex 1.20 could be isolated 






Scheme 1.7: Post-catalytic modification of N^C iridium half-sandwich complex 1.18. 
 
Although 1.20 is not the same as the cyclometalated product 1.19 obtained under 
hydrogenation conditions, the pattern of peaks obtained in the 
1
H NMR spectra of 1.19 and 
1.20 does confirm that the transformation of 1.18 involves cyclometalation of the pyridine 
ring.
77
 Similar observations have been reported in literature for for cyclometalation of 




Taking advantage of highly active iridium complexes with N^N bidentate ligands for CO2 
hydrogenation to formic acid, Lin et al.
81
 prepared molecular iridium catalysts immobilized 
in metal organic frameworks (MOFs) which were trapped in the condensing chamber of a 
Soxhlet extractor for efficient CO2 hydrogenation. The MOF catalysts were synthesized using 
4,4'-biphenyl-dicarboxylic acid, as ligand in conjunction with [2,2'-bipyridine]-5,5'-
dicarboxylic acid and 6-hydroxy-[2,2'-bipyridine]-5,5'-dicarboxylic acid with Zr as the metal 
ion. Post synthetic-modification with IrCl3 then resulted in a variety of iridium infused MOFs 
(attach an image of this MOF as shown in the original paper). The authors, packed these solid 
MOF catalysts in a plate below the condenser in the Soxhlet apparatus which was under an 
atmosphere of H2:CO2 of 0.1 MPa at 85 
o
C for 15 h. TON as high as 6 149 could be obtained 
under these relatively mild reaction conditions. On the basis of the experimental observations, 
the authors proposed a catalytic cycle for CO2 hydrogenation involving the iridium octahedral 
center embedded in the MOF which was also supported by DFT calculations. The first step 
involved a dissociation of a hydroxyl ligand present on the iridium center to create a vacant 
site, H2 heterolysis assisted by pendant hydroxyl group resulted in the formation of an 
octahedral iridium hydride species. A hydride transfer to CO2 assisted by an ancillary 
hydroxyl ligand on the iridium octahedral center  results in the formation of formic acid 





1.5 Heterogenously catalyzed and earth-abundant metal CO2 utilization 
Several heterogeneous catalytic systems have been reported for CO2 hydrogenation. 
Promising catalytic systems include palladium nanoparticles immobilized on metal oxides 
that are able to hydrogenate CO2 to methanol.
3,82–85
 However by incorporating a second metal 
into the catalytic system, synergistic effects between both metals may result in highly active 
and selective catalytic systems for CO2 reduction. A Pd-Cu bimetallic system immobilized on 




The rate at which methanol was formed by the hydrogenation of CO2 using Pd(0.25)–
Cu/SiO2 was observed to be two times higher than the sum of the rate at which monometallic 
Cu and Pd catalysts immobilized on amorphous silica hydrogenated CO2. This indicated a 
significant bimetallic cooperation for methanol formation from CO2 hydrogenation. The 
importance of the bimetallic cooperation for CO2 hydrogenation was further reinforced when 
sequentially impregnated Pd-Cu bimetallic catalysts were tested. Even though these classes of 
catalysts were more active than monometallic versions, they did not demonstrate similar 
methanol formation rate or selectivity when compared to the co-impregnated samples at the 
same catalyst loadings. In addition, based on the conversion-selectivity profile of the catalytic 
system, the primary source of carbon in the formation of methanol was observed to be CO2 at 




Metal-organic frameworks have also been reported to be active for the reduction for CO2 to 
methanol. Rungtaweevoranit et al. in 2016 demonstrated the activity and selectivity of Cu 
catalyst for CO2 hydrogenation can be promoted by encapsulating a single Cu nanocrystal 
within a single  Zr-based metal−organic framework (MOF), Zr6O4(OH)4(BDC)6 (BDC = 1,4-
benzenedicarboxylate), UiO-66. The performance of this resulting catalyst was observed to 
exceed the activity and selectivity reported for Cu/ZnO/Al2O3 catalyst resulting in a steady 8- 
fold enhanced yield and 100% selectivity for methanol.
28
 
In spite of recent progress made in CO2 utilization, the cyclization of organic substrates as 
well as the carbonylation of glycerol using CO2 is still relatively difficult. As such it is a 
challenge to design catalytic systems capable of cyclizing organic substrates or carbonylation 
of glycerol using CO2.
86
 One successful approach for the catalytic oxidative carbonylation of 
glycerol was reported by Li et al.
87
 in 2010. Using [PdCl2(phen)] (phen=1,10-phenanthroline) 
27 
 
as a catalyst in the presence of KI, glycerol was successfully cyclized to form glycerol 
carbonate under relatively mild reaction conditions (temperature 140 
o
C pressure 2 MPa CO, 
1 MPa O2) and short reaction time of 2 h. This catalytic system could catalyze the reaction at 
catalysts loading as low as 0.25 mol% to give a high conversion of 92% with 99% selectivity 
for glycerol carbonate. They proposed an in situ conversion of [PdCl2(phen)] by KI to 
PdI2(phen) (phen=1,10-phenanthroline) which was the catalytically active species. In 
addition, based on cyclic voltammograms obtained which showed the reduction of 
[PdI2(phen)] occurring at a more positive potential than [PdCl2(phen)], [PdI2(phen)] was 
concluded as being more effective for catalyzing the carbonylation reaction.
87
 
Several heterogeneous catalytic systems based on metal-supported catalysts or MOFs have 
successfully reduced CO2 to products such as formic acid, methanol and CO.
6,28,88–91
 Some of 
the most active catalytic systems for CO2 hydrogenation have been homogeneous iridium 
catalytic systems with proton responsive OH groups or bearing bulky and electron rich 
phosphine ligands.
1,38,92–94
 Heterogenizing homogeneous catalytic systems provides an 
avenue for combining the increased catalytic activity of homogeneous systems with catalyst 
recyclability in heterogeneous systems. One such approach for heterogenizing homogeneous 
catalytic systems is by the use of supported ionic liquid phase (SILP) catalysts. Use of SILP 
catalysts have found applications in a wide variety of catalytic process. They have been used 
as catalysts in Suzuki coupling, hydroformylation, CO2 cycloaddition, water-gas shift 
reaction and in multi-component synthesis of 1-amidoalkyl-2-naphthols.
95–103
 One variation 
of the SILP concept was reported by Hicks and coworkers which involved the tethering of 
iridium complexes to silica supports for CO2 hydrogenation.
104
 Bidentate imino phosphine 
and monodentate amino and phosphine complexes were effectively anchored to mesoporous 
silica and could hydrogenate CO2 to formic acid with TONs as high as 2800 under relatively 
mild reaction conditions of temperature 60 
o
C and 4 MPa 1CO2:1H2 pressure. Stability of the 
bidentate tethered complexes were found to be responsible for the observed increased 
catalytic activity and recyclability.
104
 SILP catalysts provide a stable framework for highly 
demanding, thermal, chemical or mechanical conditions employed for various catalytic 
reactions. Catalyst retention and recyclability is also greatly enhanced especially with SILP 
catalysts synthesized from magnetite from which separation is instantaneous in the presence 
of a magnet.
95,105
 In addition to increased stability provided by the support, ionic liquids 
present in SILP catalysts also play a role during catalysis. SILP catalysts containing simple 
homogeneous [Ru3(CO)12] have been reported to be effective for CO2 hydrogenation with 
28 
 
TONs as high as 17000. The presence of ionic liquids demonstrated synergistic effects when 
used with transition metal catalysts for CO2 hydrogenation to formic acid. Catalytic activity 
was enhanced by the presence of the ionic liquid where they act as catalyst stabilizers during 
the various stages of the catalytic cycle or by driving the equilibrium reaction towards 
formation of formic acid.
6
  
In attempts to replace expensive noble metal-based catalysts (mostly Ir and Ru catalysts) with 
efficient and cheap earth-abundant counterparts, earth abundant metals have been 
investigated as catalysts for CO2 hydrogenation. Metals such as iron, manganese and cobalt 
have been reported as catalysts for CO2 hydrogenation since they are cheaper, abundant, and 
less toxic as compared to first-row transition metals catalyst. In addition, the use of these 
earth abundant catalysts would improve the sustainability and industrial applications of these 
catalytic processes. Gonsalvi and co in 2016
108
 reported on the use of iron complexes with 
pincer ligands as efficient catalysts for CO2 hydrogenation. Hydrogenation of CO2 and 
NaHCO3 to formate in basic protic solvents resulted in quantitative yields and TON of 10000 
under temperature as low as 25 °C and pressures of 8.5 bar. In attempts to improve on the 
catalytic activity observed by using pincer ligands as a scaffold, Gonsalvi and co workers in 
2017
27
, reported on the use of Mn(I) complexes as catalysts for the hydrogenation of CO2 to 
HCOOH. As observed with other catalytic systems, the presence of proton responsive N-H 
groups in the pyridine based pincer ligands used resulted in catalytic activity comparable to 
other iridium or ruthenium based catalysts. TON in the range 1000-10000 is obtained at mild 
temperatures of around 80 
o
C but harsh pressures of 80 Mpa. However, enhanced catalytic 
activity is only obtained with use of LiOTf as a Lewis acid in conjunction with the Mn 
precatalysts with TON around 30000 obtained during CO2 hydrogenation.  
1.6 Ligands utilized in CO2 hydrogenation 
Inoue et al carried out pioneering research for the use of Ru, Rh and Ir triphenylphosphine 
complexes for the hydrogenation of CO2 to formic acid in 1976.
106
 In their work, they were 
able to successfully hydrogenate CO2 to formic acid using a 2.5 MPa: 2.5 MPa mixture of 
CO2 and H2 in a benzene solution containing the catalyst using small amount of water and a 
base at room temperature. Since then, other metals such as Pd and Ni have also been 
investigated for their catalytic activity in CO2 hydrogenation.
107,108
  In addition to the effect of 
ligands on catalytic activity for CO2 hydrogenation, the nature of the solvent used for this 
catalytic reaction has also been shown to affect catalytic activity. This is because catalytic 
29 
 
intermediates can be stabilized by solvents or such solvents may serve as exerting influences 
on entropy difference between reactants and products via solvation.
4
 
Nozaki et al. in 2009 prepared an iridium(III) trihydride complex with a phosphine ligand 
(2,6-bis(di-isopropylphosphinomethyl)pyridine) that was successful in hydrogenating CO2 in 
basic aqueous solutions. For this catalytic system, THF was used as a co-solvent since the 
complex had poor solubility in water. Over a period of 48 h TOF of 150000 h
-1
 could be 
achieved for CO2 hydrogenation at 8 MPa (H2:CO2 1:1).
38
 
Another iridium(III) hydride with phosphine ligands ((diisopropylphoshinoethyl)amine), was 
reported by Hazari et al. in 2011 for the hydrogenation of CO2.
44
 The ligands in this catalytic 
system possessed an N-H group in the secondary coordination sphere. Upon reaction of this 
complex with CO2, hydrogen bonding between the N-H group in the secondary coordination 
sphere and the coordinated CO2 group was observed. This relatively stable intermediate upon 
undergoing reductive elimination lead to the formation of the active species whilst forming 
formic acid at high turnover numbers (348000). The computational evaluation of the catalytic 
system indicated that the CO2 insertion could happen more readily in this catalytic system 




In contrast to the use of phosphine ligands in complexes for CO2 hydrogenation, complexes 
with N^N or N^C ligands have also been studied. Himeda et al. in the course of transfer 
hydrogenation of ketones with the half-sandwich complex [Cp*Rh(bpy)Cl]Cl in aqueous 
solutions of formic acid observed CO2/H2 generation taking place. They noticed that the Rh 
complex could also catalyze CO2 hydrogenation in water.
109
 This observation then led to the 
synthesis of  a series of half-sandwich complexes [(CnMen)M(4,4′-R2-bpy)Cl] (n =5, 6; M = 
Ir, Rh, Ru; R = OH, OMe, Me, H) for CO2 hydrogenation. The chloro ligands in these 
complexes could hydrolyze easily in the presence of water. In addition, upon changing the pH 
of the solutions of these complexes, their electronic properties can be varied as a result of 
substituents present in these catalytic systems being in their protonated or deprotonated 
forms. These classes of compounds are referred to as “proton-responsive ligands” as a result 











 Aside N^N bidentate systems, a series of water soluble Ir and Ru complexes with bis-NHC 
ligands (N-heterocyclic carbenes) as electron donating ligands were reported to posses high 
catalytic activity for the hydrogenation of CO2. At 200 
o
C, 6 MPa H2:CO2 1:1 in 75 h, TON 
as high as 190 000 could be achieved. These chelating NHC ligands could impart high 
thermal stability to the resulting complexes as well as increased electron donating ability 
leading to increased catalytic activity for CO2 hydrogenation. In addition, introducing 
hydroxyl and sulphonate functional groups on the carbon side chains present in these 
complexes increases their water solubility consequently increasing their catalytic activity for 




1.7 Potential for tetrazole and pyrazole based complexes for CO2 hydrogenation  
Currently there are increased efforts to improve the adsorption of CO2 on metal organic 
frameworks (MOFs) at relatively mild conditions. Among these approaches, there has been 
proposed routes such as the tuning of pore si e distribution, introducing “under-coordinated” 
metal centers, functionalizing the pore surfaces of the framework or increasing the flexibility 





. Out of the approaches, the most promising route has been to modify the organic 
linkers on the pore surface in order to increase the selective uptake and storage of CO2 on the 
MOFs. This improvement can be attributed to electrostatic interactions or hydrogen bonding 





A general tetrazole structure is shown in Figure 1.5. Tetrazoles contains electron-rich N 
atoms, that fulfill the requirements mentioned above and many tetrazole containing 
compounds have been used in the assembly of porous coordination polymers to enhance the 
CO2 adsorption. An example is the zeolite-like IFMC-1, which is constructed from 4,5-
di(1Htetrazol-5-yl)-2H-1,2,3-triazole. This material exhibits both high uptake and selectivity 
for CO2 over those of N2 at ambient temperatures. These properties of IFMC-1 were 






Figure 1.5: Structure of the simplest tetrazole 
 
Another example is the highly porous nitrogen rich metal organic framework [Cd3(4-TP)6] 
(Cd-4TP-1) which was reported by Banerjee and Pachfule.
113
 They synthesized the nitrogen-
rich metal organic framework by the solvothermal method from the organic building block 4-
tetrazole pyridine (4-TP) while using Cd(II) as the  metal center and DMF as solvent. Cd-
4TP-1 possess a three-dimensional porous structure where all the coordination sites of Cd(II) 
are exclusively occupied by the nitrogen atoms from the μ2-tetrazolyl ring or the pyridyl 
functionality of the 4-TP ligands. The MOF Cd-4TP-1 was noted to have Brunauer Emmett 
Teller (BET) and Langmuir surface areas of 472.2 and 728.6 m
2
/g, respectively, and could 
uptake 1.1 wt % H2 at 77 K and 2.7 mmol/g CO2 at 273 K.
113
 
A zeolite-like microporous tetrazole-based metal−organic framework (MOF) was also 
reported by Cheng et al.
114
 It has 24 nuclear zinc cages in its structure and it demonstrated 
high CO2 adsorption capacity up to 35.6 wt % (8.09 mmol/g). In addition, this MOF had 
excellent selectivity for CO2/CH4 selectivity at 273 K/1 bar. Computational calculations as 
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well as simulated annealing techniques indicated that CO2 was principally situated around the 
inner surface of the zinc cages most commonly around the aromatic tetrazole rings through 
multipoint interactions. These multipoint interactions between CO2 molecules and 
frameworks (in this case mostly the tetrazole rings) could explain why there was a resulting 




In addition, for CO2 uptake, complexes containing tetrazole have demonstrated catalytic 
behavior in organic reactions such as in the cycloaddition of CO2 to propylene oxide.  A 
series of half-sandwich titanocene complexes, [(η
5
-C5H5)TiLCl2], as well as monometallic 
titanium complexes, [TiLCl3(THF)] and [TiL2Cl2], that have 5-(2-hydroxyphenyl)tetrazole as 
ligands were synthesized by Lee et al.
115
 The compounds were obtained in high yields and 
were fully characterized by various techniques including X-ray crystallography. In all the 
complexes, the ligand L was observed to act in a monoanionic bidentate mode with hydrogen 
bonding being observed between the oxygen of the tetrahydrofuran used as solvent during the 
synthesis of the complexes and the hydrogen of the tetrazolyl ring. Conversions as high as 
86% were obtained for the cycloaddition of CO2 to propylene oxide at very low catalyst 






1.8 Motivation of the Research 
As a result of the use of fossil fuels over time to meet the energy demands of the world, the 
amount of carbon dioxide (CO2) has increased in the atmosphere. This increase in CO2 
concentrations in the atmosphere is accompanied by dire environmental consequences as a 
result of the greenhouse nature of CO2.
1
 One way of mitigating these environmental effects of 
CO2 is to convert it to valuable chemical building blocks such as methanol or formic acid. In 
addition, hydrogenation of CO2 provides an avenue for storing hydrogen gas which upon 
dehydrogenation will yield the gas.
1,6
 Currently, the most effective catalytic systems for CO2 
hydrogenation involve the use of iridium complexes that generally form iridium hydride 
species during catalysis to hydrogenate CO2 (Table 1.1).
4
 To the best of our knowledge, no 
homogeneous palladium catalysts have been employed in CO2 hydrogenation. Generally, 
homogeneous catalytic systems tend to have ligands with rigid backbones enhancing catalytic 
activity during the mostly harsh conditions required for CO2 hydrogenation. In spite of 
research indicating that tetrazole is a viable source for constructing MOFs capable of high 
CO2 uptake and storage, tetrazole containing compounds have not been studied in their ability 
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to form transition metal complexes capable of CO2 hydrogenation. In this regards, 
synthesizing tetrazole based iridium and palladium complexes for CO2 hydrogenation will 
contribute towards mitigating the environmental effects of CO2. 






C Time TON TOF 
IrH3(P1) H2O/THF KOH 4/4 200 2 300 000 150 000 
IrH3(P2) H2O KOH 2.8/2.8 125 24 3820 160 
RuH(Cl)(CO)(P3) DMF DBU 2/2 70 2 38 600  
RuH(Cl)(CO)(P3) DMF DBU 3/1 120   1 100 000 
Ru(P6)CO(H) diglyme K2CO3 3/1 200 48 23 000 2200 
RuCl2(PMe3)4 scCO2 DBU/         7/10 100 4 7600 1900 
(N-N′)RuCl(PMe3)3 
 
  C6F5OH   
 
   
 
        scCO2 DBU/         7/10 100 4 4800 1200 
 
 
1.9 Research aims and objectives 
1.9.1 General aims 
The main aims of this project are to synthesize new P-S monodentate and N^N bidentate 
tetrazole-based ligands and their corresponding palladium(II), ruthenium(II) and iridium(III) 
complexes as precatalysts for CO2 hydrogenation (Figure 1.6).  
 




The above mentioned aims would be achieved by: (i) synthesizing the ligands and complexes 
and characterizing them using various spectroscopic and analytical tools (including NMR 
spectroscopy, FT-IR spectroscopy, elemental analysis, mass spectrometry and single crystal 
X-ray diffraction where appropriate) (ii) Evaluating the complexes as precatalysts for 
homogeneous CO2 hydrogenation. (iii) Investigating a plausible mechanism of reaction for 






















(1)  Onishi, N.; Xu, S.; Manaka, Y.; Suna, Y.; Wang, W. H.; Muckerman, J. T.; Fujita, E.; 
Himeda, Y. CO2 Hydrogenation Catalyzed by Iridium Complexes with a Proton-
Responsive Ligand. Inorg. Chem. 2015, 54 (11), 5114–5123. 
https://doi.org/10.1021/ic502904q. 
(2)  Aresta, M.; Dibenedetto, A.; Angelini, A. Catalysis for the Valorization of Exhaust 
Carbon: From CO2 to Chemicals, Materials, and Fuels. Technological Use of CO2. 
Chem. Rev. 2014, 114 (3), 1709–1742. https://doi.org/10.1021/cr4002758. 
(3)  Jiang, X.; Koizumi, N.; Guo, X.; Song, C. Bimetallic Pd-Cu Catalysts for Selective 
CO2 Hydrogenation to Methanol. Appl. Catal. B Environ. 2015, 170–171, 173–185. 
https://doi.org/10.1016/j.apcatb.2015.01.010. 
(4)  Wang, W. H.; Himeda, Y.; Muckerman, J. T.; Manbeck, G. F.; Fujita, E. CO2 
Hydrogenation to Formate and Methanol as an Alternative to Photo- and 
Electrochemical CO2 Reduction. Chem. Rev. 2015, 115 (23), 12936–12973. 
https://doi.org/10.1021/acs.chemrev.5b00197. 
(5)  Melaet, G.; Ralston, W. T.; Li, C. S.; Alayoglu, S.; An, K.; Musselwhite, N.; Kalkan, 
B.; Somorjai, G. A. Evidence of Highly Active Cobalt Oxide Catalyst for the Fischer-
Tropsch Synthesis and CO2 Hydrogenation. J. Am. Chem. Soc. 2014, 136 (6), 2260–
2263. https://doi.org/10.1021/ja412447q. 
(6)  Weilhard, A.; Qadir, M. I.; Sans, V.; Dupont, J. Selective CO2 Hydrogenation to 
Formic Acid with Multifunctional Ionic Liquids. ACS Catal. 2018, 8 (3), 1628–1634. 
https://doi.org/10.1021/acscatal.7b03931. 
(7)  Perez-Rodriguez, S. CO2 Valorization by Electrochemical Reduction Using Catalysts 
Supported on Nanostructured Carbon Materials. Boletín del Grup. Español del Carbón 
2017, 44, 26–28. 
(8)  Zhao, K., Calizzi, M., Moioli, E., Li, M., Borsay, A., Lombardo, L., Mutschler, R., 
Luo, W. and Züttel, A., Unraveling and optimizing the metal-metal oxide synergistic 
effect in a highly active Cox (CoO) 1–x catalyst for CO2 hydrogenation. J. Energy 
Chem, 2021, 53, 241-250.. 
(9)  Wang, W.-H.; Hull, J. F.; Muckerman, J. T.; Fujita, E.; Himeda, Y. Second-
Coordination-Sphere and Electronic Effects Enhance Iridium(III)-Catalyzed 
Homogeneous Hydrogenation of Carbon Dioxide in Water near Ambient Temperature 




(10)  Suna, Y.; Himeda, Y.; Fujita, E.; Muckerman, J. T.; Ertem, M. Z. Iridium Complexes 
with Proton-Responsive Azole-Type Ligands as Effective Catalysts for CO2 
Hydrogenation. ChemSusChem 2017, 10 (22), 4535–4543. 
https://doi.org/10.1002/cssc.201701676. 
(11)  Geri, J. B.; Szymczak, N. K. A Proton-Switchable Bifunctional Ruthenium Complex 
That Catalyzes Nitrile Hydroboration. J. Am. Chem. Soc. 2015, 137 (40), 12808–
12814. https://doi.org/10.1021/jacs.5b08406. 
(12)  Abdur-Rashid, K.; Clapham, S. E.; Hadzovic, A.; Harvey, J. N.; Lough, A. J.; Morris, 
R. H. Mechanism of the Hydrogenation of Ketones Catalyzed by Trans-
Dihydrido(Diamine)Ruthenium(II) Complexes. J. Am. Chem. Soc. 2002, 124 (50), 
15104–15118. https://doi.org/10.1021/ja016817p. 
(13)  Fujii, A.; Hashiguchi, S.; Uematsu, N.; Ikariya, T.; Noyori, R. Ruthenium(II)-
Catalyzed Asymmetric Transfer Hydrogenation of Ketones Using a Formic Acid-
Triethylamine Mixture. J. Am. Chem. Soc. 1996, 118 (10), 2521–2522. 
https://doi.org/10.1021/ja954126l. 
(14)  Hashiguchi, S.; Fujii, A.; Takehara, J.; Ikariya, T.; Noyori, R. Asymmetric Transfer 
Hydrogenation of Aromatic Ketones Catalyzed by Chiral Ruthenium(II) Complexes. J. 
Am. Chem. Soc. 1995, 117 (28), 7562–7563. https://doi.org/10.1021/ja00133a037. 
(15)  Ohkuma, T.; Utsumi, N.; Tsutsumi, K.; Murata, K.; Sandoval, C.; Noyori, R. The 
Hydrogenation/Transfer Hydrogenation Network: Asymmetric Hydrogenation of 
Ketones with Chiral η6-Arene/N-Tosylethylenediamine- Ruthenium(II) Catalysts. J. 
Am. Chem. Soc. 2006, 128 (27), 8724–8725. https://doi.org/10.1021/ja0620989. 
(16)  Clapham, S. E.; Hadzovic, A.; Morris, R. H. Mechanisms of the H2-Hydrogenation 
and Transfer Hydrogenation of Polar Bonds Catalyzed by Ruthenium Hydride 
Complexes. Coord. Chem. Rev. 2004, 248 (21–24), 2201–2237. 
https://doi.org/10.1016/j.ccr.2004.04.007. 
(17)  Kayaki, Y.; Suzuki, T.; Ikariya, T. Water-Soluble Trialkylphosphine-Ruthenium(II) 
Complexes as Efficient Catalysts for Hydrogenation of Supercritical Carbon Dioxide. 
Chem. Lett. 2001, No. 10, 1016–1017. https://doi.org/10.1246/cl.2001.1016. 
(18)  Kayaki, Y.; Shimokawatoko, Y.; Ikariya, T. Amphiphilic Resin-Supported 
Ruthenium(II) Complexes as Recyclable Catalysts for the Hydrogenation of 
Supercritical Carbon Dioxide. Adv. Synth. Catal. 2003, 345 (12), 175–179. 
https://doi.org/10.1002/adsc.200390007. 
(19)  Himeda, Y.; Miyazawa, S.; Hirose, T. Interconversion between Formic Acid and 
37 
 
H2/CO2 Using Rhodium and Ruthenium Catalysts for CO2 Fixation and H2 Storage. 
2011, 8570, 487–493. https://doi.org/10.1002/cssc.201000327. 
(20)  Laurenczy, G.; Joo, F.; Nadasdi, L. Formation and Characterization of Water-Soluble 
Hydrido-Ruthenium(II) Complexes of 1,3,5-Triaza-7-Phosphaadamantane and Their 
Catalytic Activity in Hydrogenation of CO2 and HCO3- in Aqueous Solution. Inorg. 
Chem. 2000, 39 (22), 5083–5088. https://doi.org/10.1021/ic000200b. 
(21)  Kosol, R., Guo, L., Kodama, N., Zhang, P., Reubroycharoen, P., Vitidsant, T., 
Taguchi, A., Abe, T., Chen, J., Yang, G. and Yoneyama, Y., Iron catalysts supported 
on nitrogen functionalized carbon for improved CO2 hydrogenation performance. Cat 
Comm., 2021, 149, 106216. 
(22)  Shen, X.; Huo, H.; Wang, C.; Zhang, B.; Harms, K.; Eric, M. Octahedral Chiral-at-
Metal Iridium Catalysts : Versatile Chiral Lewis Acids for Asymmetric Conjugate 
Additions. 2015, No. Figure 1, 9720–9726. https://doi.org/10.1002/chem.201500922. 
(23)  Tada, S. and Iyoki, K. Influence of reaction temperature on CO2-to-methanol 
hydrogenation over M ZrOx (M= Al, Mn, Cu, Zn, Ga, and In). Chem. Lett., 
2021, 50(X). 
(24)  Filonenko, G. A.; Van Putten, R.; Schulpen, E. N.; Hensen, E. J. M.; Pidko, E. A. 
Highly Efficient Reversible Hydrogenation of Carbon Dioxide to Formates Using a 
Ruthenium PNP-Pincer Catalyst. ChemCatChem 2014, 6 (6), 1526–1530. 
https://doi.org/10.1002/cctc.201402119. 
(25)  Satthawong, R.; Koizumi, N.; Song, C.; Prasassarakich, P. Bimetallic Fe-Co Catalysts 
for CO2 Hydrogenation to Higher Hydrocarbons. J. CO2Utilization 2013, 3–4, 102–
106. https://doi.org/10.1016/j.jcou.2013.10.002. 
(26)  Rawat, K. S.; Mahata, A.; Choudhuri, I.; Pathak, B. Catalytic Hydrogenation of CO2 
by Manganese Complexes: Role of π-Acceptor Ligands. J. Phys. Chem. C 2016, 120 
(30), 16478–16488. https://doi.org/10.1021/acs.jpcc.6b05065. 
(27)  Bertini, F.; Glatz, M.; Gorgas, N.; Stöger, B.; Peruzzini, M.; Veiros, L. F.; Kirchner, 
K.; Gonsalvi, L. Carbon Dioxide Hydrogenation Catalysed by Well-Defined Mn(I) 
PNP Pincer Hydride Complexes. Chem. Sci. 2017, 8 (7), 5024–5029. 
https://doi.org/10.1039/c7sc00209b. 
(28)  Rungtaweevoranit, B.; Baek, J.; Araujo, J. R.; Archanjo, B. S.; Choi, K. M.; Yaghi, O. 
M.; Somorjai, G. A. Copper Nanocrystals Encapsulated in Zr-Based Metal-Organic 
Frameworks for Highly Selective CO2 Hydrogenation to Methanol. Nano Lett. 2016, 
16 (12), 7645–7649. https://doi.org/10.1021/acs.nanolett.6b03637. 
38 
 
(29)  Liu, Q.; Yang, X.; Li, L.; Miao, S.; Li, Y.; Li, Y.; Wang, X.; Huang, Y.; Zhang, T. 
Direct Catalytic Hydrogenation of CO2 to Formate over a Schiff-Base-Mediated Gold 
Nanocatalyst. Nat. Commun. 2017, 8 (1407). https://doi.org/10.1038/s41467-017-
01673-3. 
(30)  Gnanamani, M. K.; Jacobs, G.; Hamdeh, H. H.; Shafer, W. D.; Liu, F.; Hopps, S. D.; 
Thomas, G. A.; Davis, B. H. Hydrogenation of Carbon Dioxide over Co-Fe Bimetallic 
Catalysts. ACS Catal. 2016, 6 (2), 913–927. https://doi.org/10.1021/acscatal.5b01346. 
(31)  Terrade, F. G.; Lutz, M.; Van Der Vlugt, J. I.; Reek, J. N. H. Synthesis, Coordination 
Chemistry, and Cooperative Activation of H2 with Ruthenium Complexes of Proton-
Responsive METAMORPhos Ligands. Eur. J. Inorg. Chem. 2014, No. 10, 1826–1835. 
https://doi.org/10.1002/ejic.201301215. 
(32)  Badiei, Y. M.; Wang, W. H.; Hull, J. F.; Szalda, D. J.; Muckerman, J. T.; Himeda, Y.; 
Fujita, E. Cp*Co(III) Catalysts with Proton-Responsive Ligands for Carbon Dioxide 
Hydrogenation in Aqueous Media. Inorg. Chem. 2013, 52 (21), 12576–12586. 
https://doi.org/10.1021/ic401707u. 
(33)  Wang, A. L.; Naoya, O.; Murata, K.; Hirose, T.; Muckerman, J. T.; Fujita, E.; Himeda, 
Y. Efficient Hydrogen Storage and Production Using an Iridium Catalyst with an 
Imidazoline-Based Proton-Responsive Ligand in Water. ChemSusChem 2016, 10 (1), 
1071–1075. 
(34)  Wang, W. H.; Muckerman, J. T.; Fujita, E.; Himeda, Y. Mechanistic Insight through 
Factors Controlling Effective Hydrogenation of CO2 Catalyzed by Bioinspired Proton-
Responsive Iridium(III) Complexes. ACS Catal. 2013, 3 (5), 856–860. 
https://doi.org/10.1021/cs400172j. 
(35)  Dubey, A.; Nencini, L.; Fayzullin, R. R.; Nervi, C.; Khusnutdinova, J. R. Bio-Inspired 
Mn(I) Complexes for the Hydrogenation of CO2 to Formate and Formamide. ACS 
Catal. 2017, 7, 3864–3868. https://doi.org/10.1021/acscatal.7b00943. 
(36)  Hu, C. A.; Sanford, M. S. Catalytic CO2 Hydrogenation to Formate by a Ruthenium 
Pincer Complex. ACS Catal. 2013, 3, 2412–2416. 
(37)  Thomas, C. A.; Bonilla, R. J.; Huang, Y.; Jessop, P. G. Hydrogenation of Carbon 
Dioxide Catalyzed by Ruthenium Trimethylphosphine Complexes - Effect of Gas 
Pressure and Additives on Rate in the Liquid Phase. Can. J. Chem. 2001, 79 (5–6), 
719–724. https://doi.org/10.1139/cjc-79-5-6-719. 
(38)  Tanaka, R.; Yamashita, M.; Nozaki, K. Catalytic Hydrogenation of Carbon Dioxide 




(39)  Yasaka, Y.; Wakai, C.; Matubayasi, N.; Nakahara, M. Controlling the Equilibrium of 
Formic Acid with Hydrogen and Carbon Dioxide Using Ionic Liquid. J. Phys. Chem. 
2010, 3510–3515. 
(40)  Aoki, W.; Wattanavinin, N.; Kusumoto, S.; Nozaki, K. Development of Highly Active 
Ir–PNP Catalysts for Hydrogenation of Carbon Dioxide with Organic Bases. Bull. 
Chem. Soc. Jpn. 2016, 89 (1), 113–124. https://doi.org/10.1246/bcsj.20150311. 
(41)  Oldenhof, S.; De Bruin, B.; Lutz, M.; Siegler, M. A.; Patureau, F. W.; Van Der Vlugt, 
J. I.; Reek, J. N. H. Base-Free Production of H2 by Dehydrogenation of Formic Acid 
Using an Iridium-BisMETAMORPhos Complex. Chem. - A Eur. J. 2013, 19 (35), 
11507–11511. https://doi.org/10.1002/chem.201302230. 
(42)  Oldenhof, S.; Van Der Vlugt, J. I.; Reek, J. N. H. Hydrogenation of CO2 to Formic 
Acid with IridiumIII(BisMETAMORPhos)(Hydride): The Role of a Dormant Fac-
IrIII(Trihydride) and an Active Trans-IrIII(Dihydride) Species. Catal. Sci. Technol. 
2016, 6 (2), 404–408. https://doi.org/10.1039/c5cy01476j. 
(43)  Tanaka, R.; Yamashita, M.; Chung, L. W.; Morokuma, K.; Nozaki, K.; Wa, L.; 
Morokuma, K.; Nozaki, K. Mechanistic Studies on the Reversible Hydrogenation of 
Carbon Dioxide Catalyzed by an Ir-PNP Complex. Organometallics 2011, 30 (24), 1–
38. https://doi.org/10.1021/om2010172. 
(44)  Schmeier, T. J.; Dobereiner, G. E.; Crabtree, R. H.; Hazari, N. Secondary Coordination 
Sphere Interactions Facilitate the Insertion Step in an Iridium(III) CO2 Reduction 
Catalyst. J. Am. Chem. Soc. 2011, 133 (24), 9274–9277. 
https://doi.org/10.1021/ja2035514. 
(45)  Han, Z.; Rong, L.; Wu, J.; Zhang, L.; Wang, Z.; Ding, K. Catalytic Hydrogenation of 
Cyclic Carbonates : A  ractical Approach from CO2 and Epoxides to Methanol and 
Diols. Angew. Chemie 2012, 124 (52), 13218–13222. 
https://doi.org/10.1002/ange.201207781. 
(46)  Gunanathan, C.; Milstein, D. Metal-Ligand Cooperation by Aromatization-
Dearomati ation: A New  aradigm in Bond Activation and “Green” Catalysis. Acc. 
Chem. Res. 2011, 44 (8), 588–602. https://doi.org/10.1021/ar2000265. 
(47)  Ikariya, T.; Blacker, A. J. Asymmetric Transfer Hydrogenation of Ketones with 
Bifunctional Transition Metal-Based Molecular Catalysts. Acc. Chem. Res. 2007, 40 
(12), 1300–1308. https://doi.org/10.1021/ar700134q. 
(48)  Filonenko, G. A.; Conley, M. P.; Cope, C.; Lutz, M.; Hensen, E. J. M.; Pidko, E. A. 
40 
 
The Impact of Metal − Ligand Cooperation in Hydrogenation of Carbon Dioxide 
Catalyzed by Ruthenium PNP Pincer. ACS Catal. 2013, 4 (11), 2522–2526. 
(49)  Clarke, Z. E.; Maragh, P. T.; Dasgupta, T. P.; Gusev, D. G.; Lough, J. A Family of 
Active Iridium Catalysts for Transfer Hydrogenation of Ketones. Organometallics 
2006, 25 (17), 4113–4117. 
(50)  Federsel, C.; Jackstell, R.; Boddien, A.; Laurenczy, G.; Beller, M. Ruthenium-
Catalyzed Hydrogenation of Bicarbonate in Water. ChemSusChem 2010, 3, 1048–
1050. https://doi.org/10.1002/cssc.201000151. 
(51)  Liu, C.; Xie, J. H.; Tian, G. L.; Li, W.; Zhou, Q. L. Highly Efficient Hydrogenation of 
Carbon Dioxide to Formate Catalyzed by Iridium(III) Complexes of Imine-
Diphosphine Ligands. Chem. Sci. 2015, 6 (5), 2928–2931. 
https://doi.org/10.1039/c5sc00248f. 
(52)  Praveen, C. S.; Lo, H.; Comas-vives, A.; Cop, C. Effective CO2 Hydrogenation to 
Formate with an Ir (III)  N   incer Catalyst : Mechanistic Insights from Static-DFT 
and Ab-Initio Molecular Dynamics at Reaction Conditions. Organometallics 2017, 36 
(24), 4908–4919. 
(53)  Ahuja, R.; Punji, B.; Findlater, M.; Supplee, C.; Schinski, W.; Brookhart, M.; 
Goldman, A. S. Catalytic Dehydroaromatization of N-Alkanes by Pincer-Ligated 
Iridium Complexes. Nat. Chem. 2011, 3 (2), 167–171. 
https://doi.org/10.1038/nchem.946. 
(54)  Segawa, Y.; Yamashita, M.; No aki, K. Syntheses of  B   incer Iridium Complexes : 
A Supporting Boryl Ligand. J. Am. Chem. Soc. 2009, 131 (26), 9201–9203. 
(55)  Plikhta, A.; Pöthig, A.; Herdtweck, E.; Rieger, B. Toward New Organometallic 
Architectures: Synthesis of Carbene-Centered Rhodium and Palladium Bisphosphine 
Complexes. Stability and Reactivity of [PCBImPRh(L)][PF6] Pincers. Inorg. Chem. 
2015, 54 (19), 9517–9528. https://doi.org/10.1021/acs.inorgchem.5b01428. 
(56)  Sung, S.; Joachim, T.; Krämer, T.; Young, D.  rotonolysis of an α -Hydroxyl Ligand 
for the Generation of a PCcar-BeneP Pincer Complex and Subsequent Reactivity 
Studies. Organometallics 2017, 36 (16), 3116–3124. 
(57)  Eizawa, A.; Arashiba, K.; Tanaka, H.; Kuriyama, S.; Matsuo, Y.; Nakajima, K.; 
Yoshizawa, K.; Nishibayashi, Y. Remarkable Catalytic Activity of Dinitrogen-Bridged 
Dimolybdenum Complexes Bearing NHC-Based PCP-Pincer Ligands toward Nitrogen 
Fixation. Nat. Commun. 2017, 8, 1–12. https://doi.org/10.1038/ncomms14874. 
(58)  Takaoka, S.; Eizawa, A.; Kusumoto, S.; Nakajima, K.; Nishibayashi, Y.; Nozaki, K. 
41 
 
Hydrogenation of Carbon Dioxide with Organic Base by PCIIP-Ir Catalysts. 
Organometallics 2018, 37 (18), 3001–3009. 
https://doi.org/10.1021/acs.organomet.8b00377. 
(59)  Puerta-Oteo, R.; Hölscher, M.; Jiménez, M. V.; Leitner, W.; Passarelli, V.; Pérez-
Torrente, J. J. Experimental and Theoretical Mechanistic Investigation on the Catalytic 
CO2 Hydrogenation to Formate by a Carboxylate-Functionalized Bis(N -Heterocyclic 
Carbene) Zwitterionic Iridium(I) Compound. Organometallics 2018, 37 (5), 684–696. 
https://doi.org/10.1021/acs.organomet.7b00509. 
(60)  Boddien, A.; Federsel, C.; Sponholz, P.; Mellmann, D.; Jackstell, R.; Junge, H.; 
Laurenczy, G.; Beller, M. Towards the Development of a Hydrogen Battery. Energy 
Environ. Sci. 2012, 5 (10), 8907–8911. https://doi.org/10.1039/c2ee22043a. 
(61)  Leitner, W.; Dinjus, E.; Gaßner, F.; Gaher, F. Activation of Carbon Dioxide, 
Rhodium-Catalysed Hydrogenation of Carbon Dioxide to Formic Acid. J. Organomet. 
Chem. 1994, 475 (1–2), 257–266. https://doi.org/10.1016/0022-328X(94)84030-X. 
(62)  Boddien, A.; Gärtner, F.; Federsel, C.; Sponholz, P.; Mellmann, D.; Jackstell, R.; 
Junge, H.; Beller, M. CO2-"Neutral" Hydrogen Storage Based on Bicarbonates and 
Formates. Angew. Chemie - Int. Ed. 2011, 50 (28), 6411–6414. 
https://doi.org/10.1002/anie.201101995. 
(63)  Papp, G.; Csorba, J.; Laurenczy, G. G.; Joõ, F.; Joó, F. A Charge / Discharge Device 
for Chemical Hydrogen Storage and Generation. Angew. Chemie - Int. Ed. 2011, 50 
(44), 10433–10435. https://doi.org/10.1002/anie.201104951. 
(64)  Himeda, Y.; Onozawa-komatsuzaki, N.; Sugihara, H.; Kasuga, K. Simultaneous 
Tuning of Activity and Water Solubility of Complex Catalysts by Acid - Base 
Equilibrium of Ligands for Conversion of Carbon Dioxide. Organometallics 2007, No. 
20, 702–712. 
(65)  Himeda, Y.; Onozawa-Komatsuzaki, N.; Miyazawa, S.; Sugihara, H.; Hirose, T.; 
Kasuga, K. pH-Dependant Catalytic Activity and Chemoselectivity in Transfer 
Hydrogenation Cataly ed by Iridium Complex with 4,4’-Dihydroxy-2,2’-Bipyridine. 
Chem.-AEur.J. 2008, 14 (35), 11076–11081. https://doi.org/10.1002/chem.200801568. 
(66)  Gallardo-Villagrán, M., Rivada-Wheelaghan, O., Rahaman, S.W., Fayzullin, R.R. and 
Khusnutdinova, J.R. Proton-responsive naphthyridinone-based Ru II complexes and 
their reactivity with water and alcohols. Dalt. Trans.,2020,  49(36),12756-12766. 
(67)  Suna, Y.; Ertem, M. Z.; Wang, W.; Kambayashi, H.; Manaka, Y.; Muckerman, J. T.; 
Fujita, E.; Himeda, Y. Positional Effects of Hydroxy Groups on Catalytic Activity of 
42 
 
Proton-Responsive Half-Sandwich Cp* Iridium (III) Complexes. Organometallics 
2014, 33 (22), 6519–6530. 
(68)  Rakowski-Dubois, M.; Dubois, D. L. The Roles of the First and Second Coordination 
Spheres in the Design of Molecular Catalysts for H2 Production and Oxidation. Chem. 
Soc. Rev. 2009, 38 (1), 62–72. https://doi.org/10.1039/b801197b. 
(69)  Gunasekar, G. H.; Yoon, Y.; Baek, I. H.; Yoon, S. Catalytic Reactivity of an Iridium 
Complex with a Proton Responsive N-Donor Ligand in CO2 Hydrogenation to 
Formate. RSC Adv. 2018, 8 (3), 1346–1350. https://doi.org/10.1039/c7ra12343d. 
(70)  Xu, S.; Onishi, N.; Tsurusaki, A.; Manaka, Y.; Wang, W. H.; Muckerman, J. T.; Fujita, 
E.; Himeda, Y. Efficient Cp*Ir Catalysts with Imidazoline Ligands for CO2 
Hydrogenation. Eur. J. Inorg. Chem. 2015, 2015 (34), 5591–5594. 
https://doi.org/10.1002/ejic.201501030. 
(71)  Kanega, R.; Onishi, N.; Szalda, D. J.; Ertem, M. Z.; Muckerman, J. T.; Fujita, E.; 
Himeda, Y. CO2 Hydrogenation Catalysts with Deprotonated Picolinamide Ligands. 
ACS Catal. 2017, 7 (10), 6426–6429. https://doi.org/10.1021/acscatal.7b02280. 
(72)  Wang, W.; Muckerman, J. T.; Fujita, E.; Himeda, Y. Mechanistic Insight through 
Factors Controlling Effective Hydrogenation of CO2 Catalyzed by Bioinspired Proton-
Responsive Iridium(III) Complexes. ACS Catal. 2013, No. 3, 856–860. 
https://doi.org/10.1021/cs400172j. 
(73)  Ogo, S.; Kabe, R.; Hayashi, H.; Harada, R.; Fukuzumi, S. Mechanistic Investigation of 
CO2 Hydrogenation by Ru (II) and Ir (III) Aqua Complexes under Acidic Conditions : 
Two Catalytic Systems Differing in the Nature of the Rate Determining Step †. 2006, 
No. L, 4657–4663. https://doi.org/10.1039/b607993h. 
(74)  Lu, S.-M.; Wang, Z.; Li, J.; Xiao, J.; Li, C. Base-Free Hydrogenation of CO 2 to 
Formic Acid in Water with an Iridium Complex Bearing a N,N′-Diimine Ligand. 
Green Chem. 2016, 18 (16), 4553–4558. https://doi.org/10.1039/C6GC00856A. 
(75)  Munshi, P.; Main, A. D.; Linehan, J. C.; Tai, C. C.; Jessop, P. G. Hydrogenation of 
Carbon Dioxide Catalyzed by Ruthenium Trimethylphosphine Complexes: The 
Accelerating Effect of Certain Alcohols and Amines. J. Am. Chem. Soc. 2002, 124 
(27), 7963–7971. https://doi.org/10.1021/ja0167856. 
(76)  Jessop, P. G.; Joó, F.; Tai, C. C. Recent Advances in the Homogeneous Hydrogenation 
of Carbon Dioxide. Coord. Chem. Rev. 2004, 248 (21–24), 2425–2442. 
https://doi.org/10.1016/j.ccr.2004.05.019. 
(77)  Siek, S.; Burks, D. B.; Gerlach, D. L.; Liang, G.; Tesh, J. M.; Thompson, C. R.; Qu, 
43 
 
F.; Shankwitz, J. E.; Vasquez, R. M.; Chambers, N.; Szulczewski, G. J.; Grotjahn, D. 
B.; Webster, C. E.; Papish, E. T. Iridium and Ruthenium Complexes of N-Heterocyclic 
Carbene- and Pyridinol-Derived Chelates as Catalysts for Aqueous Carbon Dioxide 
Hydrogenation and Formic Acid Dehydrogenation: The Role of the Alkali Metal. 
Organometallics 2017, 36 (6), 1091–1106. 
https://doi.org/10.1021/acs.organomet.6b00806. 
(78)  Cocco, F.; Cinellu, M. A.; Minghetti, G.; Zuecas, A.; Stoccoro, S.; Maiore, L.; 
Manassero, M. Intramolecular C(Sp2)-H Bond Activation in 6,6′-Dimethoxy- 2,2′-
Bipyridine with Gold(III). Crystal and Molecular Structure of the First N′,C(3) 
“Rollover” Cycloaurated Derivative. Organometallics 2010, 29 (5), 1064–1066. 
https://doi.org/10.1021/om1000474. 
(79)  Specht, Z. G.; Grotjahn, D. B.; Moore, C. E.; Rheingold, A. L. Effects of Hindrance in 
N-Pyridyl Imidazolylidenes Coordinated to Iridium on Structure and Catalysis. 
Organometallics 2013, 32 (21), 6400–6409. https://doi.org/10.1021/om400758b. 
(80)  Ghorai, D.; Dutta, C.; Choudhury, J. Switching of “Rollover  athway” in 
Rhodium(III)-Catalyzed C-H Activation of Chelating Molecules. ACS Catal. 2016, 6 
(2), 709–713. https://doi.org/10.1021/acscatal.5b02540. 
(81)  An, B.; Zeng, L.; Jia, M.; Li, Z.; Lin, Z.; Song, Y.; Zhou, Y.; Cheng, J.; Wang, C.; Lin, 
W. Molecular Iridium Complexes in Metal-Organic Frameworks Catalyze CO2 
Hydrogenation via Concerted Proton and Hydride Transfer. J. Am. Chem. Soc. 2017, 
139 (49), 17747–17750. https://doi.org/10.1021/jacs.7b10922. 
(82)  Bai, S.; Shao, Q.; Wang, P.; Dai, Q.; Wang, X.; Huang, X. Highly Active and 
Selective Hydrogenation of CO 2 to Ethanol by Ordered  d − Cu Nanoparticles. 2017, 
23–26. https://doi.org/10.1021/jacs.7b03101. 
(83)  Bahruji, H.; Bowker, M.; Hutchings, G.; Dimitratos, N.; Wells, P.; Gibson, E.; Jones, 
W.; Brookes, C.; Morgan, D.; Lalev, G. Pd/ZnO Catalysts for Direct CO2 
Hydrogenation to Methanol. J. Catal. 2016, 343, 133–146. 
https://doi.org/10.1016/j.jcat.2016.03.017. 
(84)  Melián-Cabrera, I.; López Granados, M.; Terreros, P.; Fierro, J. L. G. CO2 
Hydrogenation over Pd-Modified Methanol Synthesis Catalysts. Catal. Today 1998, 
45 (1–4), 251–256. https://doi.org/10.1016/S0920-5861(98)00224-7. 
(85)  Oyola-Rivera, O.; Baltanás, M. A.; Cardona-Martínez, N. CO2 Hydrogenation to 
Methanol and Dimethyl Ether by Pd-Pd2Ga Catalysts Supported over Ga2O3 
Polymorphs. J. CO2 Util. 2015, 9, 8–15. https://doi.org/10.1016/j.jcou.2014.11.003. 
44 
 
(86)  Brunel, P.; Monot, J.; Kefalidis, C. E.; Maron, L.; Martin-Vaca, B.; Bourissou, D. 
Valorization of CO2: Preparation of 2-Oxazolidinones by Metal-Ligand Cooperative 
Catalysis with SCS Indenediide Pd Complexes. ACS Catal. 2017, 7 (4), 2652–2660. 
https://doi.org/10.1021/acscatal.7b00209. 
(87)  Hu, J.; Li, J.; Gu, Y.; Guan, Z.; Mo, W.; Ni, Y.; Li, T.; Li, G. Oxidative Carbonylation 
of Glycerol to Glycerol Carbonate Catalyzed by PdCl2(Phen)/KI. Appl. Catal. A Gen. 
2010, 386 (1–2), 188–193. https://doi.org/10.1016/j.apcata.2010.07.059. 
(88)  Kunkes, E. L.; Studt, F.; Abild-pedersen, F.; Schlögl, R.; Behrens, M. Hydrogenation 
of CO2 to Methanol and CO on Cu/ZnO/Al2O3: Is There a Common Intermediate or 
Not ? J. Catal. 2015, 328, 43–48. https://doi.org/10.1016/j.jcat.2014.12.016. 
(89)  M.C.Román-Martínez; D.Cazorla-Amorós; A.Linares-Solano; Lecea, C. S.-M. de. CO2 
Hydrogenation under Pressure on Catalysts Pt-Ca/C. Appl. Catal. A, Gen. 1996, 134 
(1), 159–167. 
(90)  Grabowski, R.; Ko łowska, A.; Ols ewski,  .; Stoch, J.; Skr ypek, J.; Lachowska, M. 
Catalytic Activity of the M/(3ZnO.ZrO2) System (M=Cu,Ag,Au) in the Hydrogenation 
of CO2 to Methanol. Appl. Catal. A, Gen. 2004, 278, 11–23. 
https://doi.org/10.1016/j.apcata.2004.09.014. 
(91)  Park, K.; Gunasekar, G. H.; Prakash, N.; Jung, K. D.; Yoon, S. A Highly Efficient 
Heterogenized Iridium Complex for the Catalytic Hydrogenation of Carbon Dioxide to 
Formate. ChemSusChem 2015, 8 (20), 3410–3413. 
https://doi.org/10.1002/cssc.201500436. 
(92)  Wang, L.; Onishi, N.; Murata, K.; Hirose, T.; Muckerman, J. T.; Fujita, E.; Himeda, Y. 
Efficient Hydrogen Storage and Production Using a Catalyst with an Imidazoline-
Based, Proton-Responsive Ligand. ChemSusChem 2017, 10 (6), 1071–1075. 
https://doi.org/10.1002/cssc.201601437. 
(93)  Onishi, N.; Xu, S.; Manaka, Y.; Suna, Y.; Wang, W. H.; Muckerman, J. T.; Fujita, E.; 
Himeda, Y. CO2 Hydrogenation Catalyzed by Iridium Complexes with a Proton-
Responsive Ligand. Inorg. Chem. 2015, 54 (11), 5114–5123. 
https://doi.org/10.1021/ic502904q. 
(94)  Fujita, E.; Himeda, Y. CO 2 Hydrogenation Catalyzed by Iridium Complexes with a 
Proton- Responsive Ligand. 2014. https://doi.org/10.1021/ic502904q. 
(95)  Rashinkar, G.; Salunkhe, R. Ferrocene Labelled Supported Ionic Liquid Phase (SILP) 
Containing Organocatalytic Anion for Multi-Component Synthesis. J. Mol. Catal. A 
Chem. 2009, 316 (1–2), 146–152. https://doi.org/10.1016/j.molcata.2009.10.013. 
45 
 
(96)  Ionic, N.; Taher, L. Highly Active and Magnetically Recoverable Pd-NHC Catalyst 
Immobilized on Fe3O4 Nanoparticle – Ionic Liquid Matrix for Suzuki Reaction in 
Water. Synth. Lett. 2009, No. 15, 2477–2482. https://doi.org/10.1055/s-0029-1217731. 
(97)  Riisager, A.; Wasserscheid, P.; Van Hal, R.; Fehrmann, R. Continuous Fixed-Bed Gas-
Phase Hydroformylation Using Supported Ionic Liquid-Phase (SILP) Rh Catalysts. J. 
Catal. 2003, 219 (2), 452–455. https://doi.org/10.1016/S0021-9517(03)00223-9. 
(98)  Riisager, A.; Eriksen, K. M.; Wasserscheid, P.; Fehrmann, R. Propene and 1-Octene 
Hydroformylation with Silica-Supported, Ionic Liquid-Phase (SILP) Rh-Phosphine 
Catalysts in Continuous Fixed-Bed Mode. Catal. Letters 2003, 90 (3–4), 149–153. 
https://doi.org/10.1023/B:CATL.0000004109.46005.be. 
(99)  Riisager, A.; Fehrmann, R.; Flicker, S.; Hal, R. Van; Haumann, M.; Wasserscheid, P. 
Very Stable and Highly Regioselective Supported Ionic-Liquid-Phase (SILP) 
Catalysis: Continuous- Flow Fixed-Bed Hydroformylation of Propene. Angew. Chemie 
2005, 44, 815–819. https://doi.org/10.1002/anie.200461534. 
(100)  Riisager, A.; Fehrmann, R.; Haumann, M.; Wasserscheid, P. Supported Ionic Liquid 
Phase (SILP) Catalysis: An Innovative Concept for Homogeneous Catalysis in 
Continuous Fixed-Bed Reactors. Eur. J. Inorg. Chem. 2006, No. 4, 695–706. 
https://doi.org/10.1002/ejic.200500872. 
(101)  Zheng, X.; Luo, S.; Zhang, L.; Cheng, J.-P. Magnetic Nanoparticle Supported Ionic 
Liquid Catalysts for CO2 Cycloaddition Reactions. ChemInform 2009, 40 (34), 1–18. 
https://doi.org/10.1002/chin.200934120. 
(102)  Werner, S.; Szesni, N.; Fischer, R. W.; Haumann, M.; Wasserscheid, P. Homogeneous 
Ruthenium-Based Water-Gas Shift Catalysts via Supported Ionic Liquid Phase (SILP) 
Technology at Low Temperature and Ambient Pressure. Phys. Chem. Chem. Phys. 
2009, 11 (46), 10817–10819. https://doi.org/10.1039/b912688k. 
(103)  Werner, S.; Szesni, N.; Bittermann, A.; Schneider, M. J.; Ha, P.; Haumann, M.; 
Wasserscheid,  . Applied Catalysis A : General Screening of Supported Ionic Liquid 
Phase ( SILP ) Catalysts for the Very Low Temperature Water – Gas-Shift Reaction. 
"Applied Catal. A, Gen. 2010, 377 (1–2), 70–75. 
https://doi.org/10.1016/j.apcata.2010.01.019. 
(104)  Xu, Z.; McNamara, N. D.; Neumann, G. T.; Schneider, W. F.; Hicks, J. C. Catalytic 
Hydrogenation of CO2 to Formic Acid with Silica-Tethered Iridium Catalysts. 
ChemCatChem 2013, 5 (7), 1769–1771. https://doi.org/10.1002/cctc.201200839. 
(105)  Shokouhimehr, M.; Piao, Y.; Kim, J.; Jang, Y.; Hyeon, T. A Magnetically Recyclable 
46 
 
Nanocomposite Catalyst for Olefin Epoxidation. 2007, 7039–7043. 
https://doi.org/10.1002/anie.200702386. 
(106)  Wang, W.-H.; Feng, X.; Bao, M. Transformation of CO2 to Formic Acid or Formate 
Over Heterogeneous Catalysts. In: Transformation of Carbon Dioxide to Formic Acid 
and Methanol; SpringerBriefs in Molecular science, Springer, Singapore, 2018. 
https://doi.org/10.1007/978-981-10-3250-9_3. 
(107)  Pati, S., Ashok, J., Dewangan, N., Chen, T. and Kawi, S. Ultra-thin (~ 1 μm)  d–Cu 
membrane reactor for coupling CO2 hydrogenation and propane dehydrogenation 
applications. J. Membr. Sci., 2020, 595, p.117496.. 
(108)  Bertini, F.; Gorgas, N.; Stöger, B.; Peruzzini, M.; Veiros, L. F.; Kirchner, K. A.; 
Gonsalvi, L. Efficient and Mild Carbon Dioxide Hydrogenation to Formate Catalyzed 
by Fe(II)-Hydridocarbonyl Complexes Bearing 2,6-(Diaminopyridyl) Diphosphine 
Pincer Ligands. ACS Catal. 2016, 6 (5), 2889–2893. 
https://doi.org/10.1021/acscatal.6b00416. 
(109)  Himeda, Y.; Onozawa-komatsuzaki, N.; Sugihara, H.; Arakawa, H.; Kasuga, K. 
Transfer Hydrogenation of a Variety of Ketones Catalyzed by Rhodium Complexes in 
Aqueous Solution and Their Application to Asymmetric Reduction Using Chiral Schiff 
Base Ligands. J. Mol. Catal. 2003, 195, 95–100. https://doi.org/10.1016/S1381-
1169(02)00576-9. 
(110)  A ua, A.; San , S.;  eris, E. Water‐Soluble Ir
III
 N‐Heterocyclic Carbene Based 
Catalysts for the Reduction of CO2 to Formate by Transfer Hydrogenation and the 
Deuteration of Aryl Amines in Water. Chem. - A Eur. J. 2011, 17 (14), 3963–3967. 
(111)  Zhao, Y.; Li, Y.; Cui, C.; Xiao, Y.; Li, R.; Wang, S.; Zheng, F.; Guo, G. Tetra ole − 
Viologen-Based Flexible Microporous Metal Organic Framework with High CO2 
Selective Uptake. Inorg. Chem. 2016, 55, 4–9. 
https://doi.org/10.1021/acs.inorgchem.6b00320. 
(112)  Poloni, R.; Smit, B. Ligand-Assisted Enhancement of CO2 Capture in Metal − Organic 
Frameworks. J. Am. Chem. Soc. 2012, 134, 6714. https://doi.org/10.1021/ja2118943. 
(113)  Pachfule, P.; Banerjee, R. Porous Nitrogen Rich Cadmium-Tetrazolate Based Metal 
Organic Framework (MOF) for H2 and CO2 Uptake. Cryst. Growth Des. 2011, 11, 
5176–5181. https://doi.org/10.1021/cg201054f. 
(114)  Cui, P.; Ma, Y.; Li, H.; Zhao, B.; Li, J.; Cheng, P. Multipoint Interactions Enhanced 
CO2 Uptake: A Zeolite-like Zinc − Tetra ole Framework with 24-Nuclear Zinc Cages. 
J. Am. Chem. Soc. 2012, 134 (c), 18892. https://doi.org/10.1021/ja3063138. 
47 
 
(115)  Go, M. J.; Lee, K. M.; Oh, C. H.; Kang, Y. Y.; Kim, S. H.; Park, H. R.; Kim, Y.; Lee, 
J. New Titanium Catalysts Containing Tetrazole for Cycloaddition of CO2 to 







































Iridium and palladium CO2 hydrogenation in water by catalysts precursors with 
electron-rich tetrazole ligands 
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2.1 Introduction 
Currently, the use of CO2 as a carbon source in a variety of synthetic processes is receiving 
attention as a result of its abundance, non-toxicity and low cost.
1
 Homogeneous catalytic 
hydrogenation of CO2 to various products such as formates, methanol and dimethylether 
provides one approach to transform CO2 into valuable chemicals. CO2 is considered an 
environmental nuisance and a pollutant; as such hydrogenating it serves as a means of storing 
hydrogen for other catalytic processes (such as in transfer hydrogenation) and molecular 
hydrogenation. Indeed transfer hydrogenation reactions are of industrial importance, 
especially in the pharmaceutical, perfume, and agrochemical industries where it has been 
shown to be an easy and safer way to work with hydrogen carriers (like methanol, formic 






Several metals, such as iridium, ruthenium, palladium and nickel, have been reported as 
catalysts with varying degree of success for the hydrogenation of CO2. The use of Ru, Rh and 
Ir triphenylphosphine complexes as catalysts is one of the first examples of CO2 
hydrogenation to formic acid.
5
 CO2 was hydrogenated to formic acid using these catalysts in 
a mixture of CO2 and H2 (2.5 MPa:2.5 MPa) the catalyst precursor and a base at room 
temperature. Since then, other metals like Pd and Ni, as either homogeneous or 
heterogeneous catalysts, have been used in CO2 hydrogenation. In addition, relatively cheaper 




However, it is not only the metal in the catalysts that is effective in the hydrogenation; the 
nature of the ligand also has effect on the catalysis. For example, Weilhard et al.
8
 reported 
highly active Ru catalysts for CO2 hydrogenation that makes use of the synergistic effect of 
imidazolium-based ionic liquids; with their associated acetate anions, that act as acid buffer 
and stabilizer for the catalytically active Ru-H species.  
 
Generally homogeneous catalysts with phosphine ligands are effective for a variety of 
catalytic reactions.
9–11
 For example, Milstein and co-workers have reported a P^N^P iron(II) 
dihydride pincer complexes that was utilized as a catalyst for the CO2 hydrogenation reaction. 
This catalyst is able to catalyze the hydrogenation of both CO2 and NaHCO3 to  formate with 
TONs ranging between 300 and 800; and- on par with other noble metal catalysts, even with 
low catalyst loading (0.1 mol%) and short reaction times (ca 5-16 h).
12
 Similarly, the Nozaki 
group has reported a (2,6-bis(di-isopropylphosphinomethyl)-pyridine)iridium(III) trihydride 
complex that performs remarkably in hydrogenating CO2 in basic aqueous conditions.
13
 Even 
with a 1:1 CO2:H2 mixture and 5 MPa pressure at 200 
o
C , the Nozaki catalyst shows 




 Another (P^N)iridium complex that has 
excellent catalytic activity is [(diisopropylphoshinoethyl)amine)iridium(III)] hydride (TON 
=348 000), reported by Hazari and coworkers.
14
 The ligand in this catalyst has an N-H group 
in the secondary coordination sphere of the iridium complex. Thus, the excellent catalytic 
activity is attributed to H-bonding between the N-H group in the ligand and CO2, which 
thereafter undergoes reductive elimination to produce the catalytically active iridium-hydride 
species. Computational evaluation of the catalytic system indicated that CO2 insertion could 
happen more readily in the catalytic system, since it is easily stabilized by bridging via 






In addition to the effect of ligands on catalytic activity, the nature of the solvent used for this 
reaction has also been shown to affect catalytic activity. This is because catalytic 
intermediates can be stabilized by solvents or such solvents may influence the entropy 
differences between reactants and products via solvation.
5
 For instance, we recently utilized 
ruthenium(II) and iridium(III) half sandwich complexes as catalysts for the CO2 
hydrogenation using a variety of solvents which suggested a solvent dependant 




Generally, phosphine ligands are mostly air and moisture sensitive in catalytic systems for 
CO2 hydrogenation so non-phosphine ligands, like N^N or N^C bidentate ligands have also 
been studied to good effect. For example, the Himeda group has observed the generation of 
CO2/H2 in the course of transfer hydrogenation of ketones with the half-sandwich complex 
[Cp*Rh(bpy)Cl]Cl in aqueous solutions of formic acid. They then later noticed that the Rh 
complex could also catalyze CO2 hydrogenation in water.
17
 This observation then led to the 
synthesis of a series of half-sandwich complexes [(CnMen)M(4,4′-R2-bpy)Cl] (n =5, 6; M = 
Ir, Rh, Ru; R = OH, OMe, Me, H) for the hydrogenation of CO2. In this study, complexes 
containing hydroxyl groups were found to be very responsive to protonation and 
deprotonation of the hydroxyl substituents at different pH. This led to a class of compounds  
referred to as “proton-responsive ligands”, that have tunable electronic properties at different 
pH and which greatly improve their ability to catalyze CO2 hydrogenation.
5
 Indeed the 
Himeda water-soluble Ir(III) complex, [Cp*Ir(6,6’-R2-bpy)(OH2)]SO4 (bpy = 2,2’-bipyridine, 
R= OH), is able to demonstrate the role “proton responsive ligands” play in activating CO2 
via electronic and second-sphere coordination effects.
18
 As a result of this, they were able 
achieve high catalytic activity (TON = 24 000) in CO2 hydrogenation at ambient 
temperatures and pressures. A strong correlation between hydrogen (H
-
), methyl, methoxy 
and hydroxy substituents on the bipyridine ring in the catalysts and the catalytic activities, as 
a result of electronic effects, was also demonstrated. They thus proposed a mechanism that 
involves the generation active Ir-H species, assisted by the pendant base O
- 
in the catalyst. 
These oxyanion groups are electron-rich and contribute to H2 cleavage, while playing 
stablilizing roles in various intermediates. The role of the oxyanion was proven 
experimentally by NMR experiments and by DFT calculations.
18
 A similar observation of O
-
-
assisted H2 activation leading to efficient CO2 hydrogenation by bidentate 





mild reaction conditions of temperature (50 
o
C) and pressure (1 MPa CO2:H2 1:1) was 
reported.  Here, the catalyst precursors contain a hydroxyl and uncoordinated NH functional 




Tetrazole-containing compounds have recently found applications in CO2 capture having 
been used as linkers in metal organic frameworks (MOFs).
20
 In addition, tetrazole stabilized 
catalyst precursors have served as a source of electron-rich N atoms, which contributes 
towards improved catalytic activity at the metal center in hydrogenation reactions.
18
 It is the 
ability of tetrazole-containing compounds to capture and possibly activate CO2 that led to the 
present study. We designed new electron-rich half-sandwich (tetrazolylpyridyl)iridium(III) 
and (tetra olylpyridyl)palladium(II) chloride complexes, with potential to exhibit “proton-
responsiveness” at the N2 position of the tetra ole ring, and investigated their ability as 
catalysts for CO2 hydrogenation. 
2.2 Results and discussions 
2.2.1 Synthesis and characterization of tetrazole-based ligand 
 
Synthesis of compound 2.1 was achieved by first reacting 2-cyanopyridine with a slight 
excess of NaN3 in the presence of excess Et3N.HCl (Scheme 2.1). Compound 2.1 was then 
isolated after adding a solution of HCl to precipitate the product as an air and moisture stable 
brown solid in excellent yield. Compound 2.1 is soluble in most organic solvents and was 




Scheme 2.1: Synthesis of ligands and metal complexes 
 
Alkylation of 2.1 with tert-butanol (Scheme 2.1) resulted in the formation of 2-tert-butyl-5-
(2-pyridyl)-2H-tetrazole (2.2). Compound 2.2 was obtained as a white solid in good yield 
(77%) and is soluble in organic solvents but insoluble in water. In fact, selective alkylation of 
the two nitrogen atoms b and c  in 2.1 is possible in the presence of a strong acid, because 
protonation of the nitrogen atoms of the pyridine the d nitrogen of 2.1 should result in the 
delocalization of charge between nitrogens a, e and d (Scheme 2.1).This would lead to two 
equivalent nitrogens (i.e. b and c) as available sites for the alkylating agent to attack.
21
 It is 
also interesting to note that due to rotation along the C-C bond between the pyridine and 
tetrazole rings, compound 2.2 can exist as rotamers. Indeed quantum mechanical calculations 
have shown that in DMSO and DMF  the total energy of 2.2-syn is only about 1 kJmol
-1
 
lower than that of 2.2-anti.
22










H} NMR spectroscopy and elemental analysis of tetrazolyl ligands 




H NMR spectrum of 2.1 showed only a slight downfield shift of about 0.1-0.2 ppm 
compared to the 
1
H NMR spectrum of 2-cyanopyridine. These downfield shifts indicated 
formation of the tetrazolyl ring with change in chemical shift possibly as a result of increased 
electron donation away from the pyridyl ring due to the presence of the tetrazolyl ring. The 
1











H} NMR spectrum of 2.1 indicated the carbon signals for 2.1 occur in 









Figure 2.2: HSQC of 2.1  
 
Upon alkylation of 2.1 with a tert-butyl group yielding 2.2, a new signal at 1.75 ppm was 
observed in the 
1
H NMR spectrum of 2.2. This was accompanied by only marginal changes 
of around 0.1 ppm in the positions of the NMR signals corresponding to the pyridyl protons. 
This indicates the presence of the tert-butyl group may lead to a slight increase in electron 








H NMR spectrum of 2.2 recorded in DMSO-d6 
 







NMR spectroscopy confirmed the formation of these ligands. The appropriate nitrogen 
content of both ligands were observed after formation and alkylation of the tetrazolyl ring. 
This was in agreement with values obtained in literature. 
 
2.2.3 Synthesis of tetrazolyl palladium and iridium complexes 
 
Synthesis of the new palladium complex 2.3 (Scheme 2.1) was achieved by reacting a 
dichloromethane solution of compound 2.1 with [PdCl2(MeCN)2] in a 1:1 ratio. Complex 2.3 
precipitated out of solution as a yellowish solid in good yield and is partially soluble in 
chloroform but completely soluble in DMSO.  Interestingly, the reaction of compound 2.1 
with [Ir(C5Me5)Cl2]2  in a 2:1 ratio resulted  an immediate loud sound accompanied the 
violent ejection of the septum that was used to seal the Schlenk tube in which the reaction 
was run. We suspect this was the result of the detonation of the tetrazole to give off molecular 
nitrogen,
23
 possibly from stirring of the reaction mixture. There were no further reactions of 
2.1 with the iridium precursor and when reactions were performed with compound 2.2 and 
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the iridium precursor, caution was taken by connecting the Schlenk tube to a vacuum line in 
order to release any built up pressure, and also minimize agitation in the initial stages of the 
reaction. Synthesis of the iridium complex, 2.4, (Scheme 2.1) was achieved by reacting 
compound 2.2 with [Ir(C5Me5)Cl2]2  in a 2:1 ratio in dichloromethane. Compound 2.4 was 
obtained in pure form as a yellow solid in quantitative yield after the solvent was removed in 
vacuo. Reaction of 2.4 with Ag2SO4 as a halide abstractor in water yielded a sulfato complex, 
2.5, instead of the expected iridium aqua complex, 2.6. This is in contrast to various reports 
of halide abstraction from [(N^N)Ir(Cl)] complexes with Ag2SO4 in water that produce the 




 For most chloro iridium complexes, halide 
abstraction in water leads to cationic iridium aquo species. However, a sulfato (N^N)iridium 
complex formed following chloride abstraction from  (N^N)iridium-chloro starting material, 
using Ag2SO4 reported in the literature supports the formation of 2.5 from 2.4.
25
 Formation of 
the iridium-aqua complex, 2.6, was eventually achieved by reaction of the iridium-sulfato 
complex, 2.5, with KPF6 in water. Reaction of complex 2.5 with HCOONa, followed by a 
counter ion exchange with NaPF6, resulted in the formation of very stable iridium hydride 
species 2.7. Complexes 2.5, 2.6 and 2.7 are all soluble in DMSO, however only 2.5 is soluble 








H} NMR spectra of tetrazolyl complexes 2.3-2.7 
 
1
H NMR spectrum of 2.3 (Figure 2.4) showed only slight shifts in proton signals of 0.1-0.2 
ppm compared to the 
1
H NMR spectrum of 2.1. For example, proton f (Scheme 2.1) shifted 
downfield by about 0.1 ppm while proton h shifted downfield by about 0.2 ppm and proton i 






H NMR spectrum of 2.3 recorded in DMSO-d6 
 
1
H NMR spectrum of 2.4 (Figure 2.5) indicated more significant shifts downfield in the 
proton signals of about 0.4-0.8 ppm especially for the pyridinyl protons compared to the 
1
H 
NMR peaks of 2.2. In contrast to compound 2.2, there was no indication from the 
1
H NMR 
spectrum of 2.4 having rotameric forms, since N-k-tert-butyl substituted iridium complex 2.4 
(i.e. the 2.2-anti form) is expected to be different from the 
1
H NMR spectrum of N-l-tert-
butyl substituted iridium complex 2.4 (i.e. the 2.2-syn form). Indeed 
1
H NMR data shows the 






H NMR spectrum of 2.4 recorded in CDCl3 
 
Formation of both iridium complexes 2.5 and 2.6 were confirmed by 
1
HNMR spectroscopy. 




H} NMR spectrum of 2.6 with peaks around -143 ppm confirmed the 













H} NMR signals corresponding to 
the presence of the cyclopentadienyl group was also observed around 100 and 10 ppm. 




H} NMR spectrum for 2.4-2.7 and Figure 2.6 




Figure 2.6: HSQC of 2.6 
 
In the case of 2.7, the presence of the hydride ligand was confirmed by 
1
H NMR signal peak 




H} NMR spectrum with 
peaks around 140 ppm confirmed the presence of the PF6 counterion in complex 2.7. 
 
2.2.5 Mass spectrometry and elemental analysis of tetrazolyl complexes 2.3-2.7 
 
Further support for the formation of 2.3-2.7 were provided by mass spectrometry where 




 were observed. For example in the case 
of 2.5 and 2.6, peaks with m/z [M+H]
+
 = 628.1513 and [M]
+
 = 550.1962 were observed for 








Table 2.1: High Resolution mass spectrometry results for 2.3-2.7 





2.3 322.90 293.0515 [M-N2]
+
 
2.4 601.60 566.1660 [M]
+
 
2.5 627.15 628.1513 [M+H]
+
 
2.6 839.14 550.1962 [M]
+
 




Along with the mass spectra of 2.3-2.7, the elemental analysis results of 2.3-2.7 also 
confirmed these compounds were obtained in a pure form as deviations from the expected 
results were less than 0.5%. 
 
 
Figure 2.7: ESI- MS spectrum of 2.6 
2.2.6 Single crystal X-ray structure of complex 2.4 
 
Yellow single crystals of 2.4 were grown by slow evaporation of solution of the complex in 
dichloromethane. Crystallographic data and the molecular structure of this complex are 
shown in Table 2.2. Complex 2.4 crystallizes in the monoclinic space group C2/c with a 
piano-stool geometry (Figure 2.8). As expected, the iridium-N(pyridine) bond distance 
(2.146(7) Å) is longer than that of the iridium-N(tetrazole) bond (2.078(7) Å). This suggests a 
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stronger iridium-N(tetrazole) bond as compared to the iridium-N(pyridine) bond. This is 
possibly as a result of delocalization of the several lone pairs of the nitrogens in the tetrazole 
ring resulting in enhanced electron donation to the iridium center and hence a shorter Ir-N 
bond length.  The bond lengths between iridium and the donating ligands as well as the bond 






Figure 2.8: Molecular structure of complex 2.4. (Hydrogen atoms, Cl counter ion and residual solvents omitted 
for clarity) Selected bond distance (Å) and bond angles (°); Ir(1)–Cl(1) 2.394(2), Ir(1)–N(1) 2.078(7), Ir(1)–
N(2) 2.146(7); N(1)–Ir(1)–Cl(1) 88.3(2), N(2)–Ir(1)–N(1) 75.0(3) 
 
Table 2.2 Crystal data and structure refinement for complex 2.4.  
Identification code  Complex 2.4 
Empirical formula  C20H28N5Cl2Ir  
Formula weight  601.14 
Temperature/K  100K 
Crystal system  monoclinic  
Space group  C2/c  
a/Å  33.847(7)  
b/Å  9.694(2)  
c/Å  16.767(4)  
α/°  90  
β/°  119.082(4)  
γ/°  90  
Volume/Å
3
  4808.1(17)  
Z  48  
ρcalcg/cm
3
  1.6504  
μ/mm
-1
  5.796  





  0.3 × 0.2 × 0.2  
Radiation  Mo Kα (λ = 0.71073)  
2Θ range for data collection/°  2.76 to 56.76  
Index ranges  -45 ≤ h ≤ 44, -12 ≤ k ≤ 12, -22 ≤ l ≤ 22  
Reflections collected  77162  
Independant reflections  6017 [Rint = 0.2239, Rsigma = 0.1067]  
Data/restraints/parameters  6017/0/267  
Goodness-of-fit on F
2
  1.004  
Final R indexes [I>=2σ (I)]  R1 = 0.0563, wR2 = 0.1293  
Final R indexes [all data]  R1 = 0.0942, wR2 = 0.1513  
Largest diff. peak/hole / e Å
-3
  3.94/-2.27  
 
A space filling model of 2.4 showing the electrostatic potential map indicates the highly 
electron-rich site is found at the iridium center due to electron donation from the Cp
*
 and the 
pyridyl-tetrazole donor sites in 2.4. In addition, N-2 in the tetrazole ring is fairly electron-rich 
(Figure 2.9) which suggests it is possibly available to act as a “proton responsive” site during 
the catalytic cycle of CO2 hydrogenation. 
 
Figure 2.9: Electrostatic potential map of 2.4. 
 
2.3 Optimization of CO2 hydrogenation reaction conditions using 2.4 
 
When CO2 hydrogenation was carried out using 2.4 as a catalyst precursor in either ethanol or 
DMSO as solvents, there was only a marginal amount of formate produced with a TON of 
around 40 (Figure 2.10). When water was used as solvent, TONs almost doubled to around 
80. This indicated that water plays a crucial role in the process during the CO2 hydrogenation 
reaction. Water may serve as a labile ligand which stabilizes various reaction intermediates 
during the catalytic reaction. In addition, water could contribute towards increasing reaction 
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rates by facilitating hydrogen bonding between the generally accepted catalytically active 




Figure 2.10: Optimization of reaction conditions using 2.4 
Performed in 10 mL of appropriate solvent (or mixture), 3.55 mmol of base at appropriate temperature and total pressure (50 
bar) with stirring (1500 rpm) in the presence of a complex 2.4 (5 µmol) for 24 h using DMF as standard. TON = calculated 
mmol of [HCO2
-]/ mmol of catalyst Sol = solvent cat = catalysts  
 
This observation was further noticed when using a water-THF mixture (4:1) which resulted in 




C also resulted 
in an increase in formate production and corresponding TONs. Changing the base from KOH 
to DBU did not result in a significant change in TON however using a weak base triethyl 
amine resulted in a drop in TONs. Using an equimolar amount of K2CO3 resulted in an 
increase in TON possibly as a result of the increase in the amount of potassium ions present 
in solution or the hydrogenation of K2CO3. Higher concentration of K
+
 readily stabilizes any 
formate present resulting in increased formate generation and as such it is theorized that 
substituting K with Na should result in similar observations. Reducing the amount of CO2 
with respect to H2 resulted in an increase in TON (perhaps as a result of increased formation 
of the catalytically active iridium hydride species) with the optimum ratio being determined 
as 1:2 mixture of CO2:H2. Reducing the reaction time from 24 h to 18 h resulted in a drop in 
both mmol of formate and TON however, lowering the catalyst loading to 1 µmol resulted in 












Figure 2.11: Typical 
1




H} NMR spectrum (B) of the contents of 
the reaction mixture after CO2 hydrogenation reaction using DMF as internal standard. 
 
Precatalysts 2.3, 2.5, 2.6 and 2.7 were also used for the CO2 hydrogenation under identical 
reaction conditions to those used for 2.4. This was done to evaluate the effect of different 
metals as well as the various co-ligands (hydride, aqua, sulfato) (Table 2.3). All five 
precatalysts were used to run the hydrogenation reaction in the presence of mercury, and in 
each instance gave only slightly lower TON (Table 2.3) than the reactions without mercury, 
signifying that the active catalysts in all cases were largely homogeneous. Precatalyst 2.3 is 
the least active (TON = 91; Table 2.3, entry 1), whilst complex 2.7 is the most active (TON = 
561; Table 2.3, entry 5).  This is expected as the other iridium precatalysts (2.4, 2.5 and 2.6) 
would have to generate the iridium hydride species in situ before catalyzing the CO2 
hydrogenation reaction. However, it is interesting to note that the aqua complex, 2.6, was 
slightly more active than the sulfato complex, 2.5. This suggests that the formation of an 
iridium-aqua species may be an important intermediate in the catalytic process. The reaction 





NMR spectra of these mixtures, assignable to a bicarbonate ion (Figure 2.11). This suggested 
that the actual species undergoing hydrogenation are bicarbonate ions formed in solution 
from a combination of both CO2 and K2CO3. Such hydrogenation of bicarbonate ions has been 
reported in literature.
29
 In addition, CO2 has been shown to exist in a variety of forms in 
aqueous solution in the presence of carbonate ions.
30
 In order to confirm this, the 
hydrogenation reaction was carried out with K2CO3 but without CO2 (Table 2.3, entry 6). The 
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product from this reaction was formate but at reduced TON, confirming the participation of 
the carbonate ion in the CO2 hydrogenation when K2CO3 is used as the base. Catalytic 





, may seem to be poorly active. However, mmol of product formed for these 




are lower as compared to 2.4-2.7. Thus, 
higher TONs at lower catalyst loading does not necessarily translate to higher TONs at 





, increased activity is attributed to the presence of proton responsive groups on 
the ligands. As such, it will be reasonably expected that the activity of 2.4-2.7 may be 
improved by introducing proton responsive groups. 
  
Table 2.3: Evaluating precatalysts 2.3-2.7 for CO2 hydrogenation. 










1 2.3 0.45(0.39) 45 91(78) 
2 2.4 1.42(1.32) 142 283(264) 
3 2.5 1.97(1.80) 197 396(360) 
4 2.6 2.16(1.88) 216 433(376) 





d 0.26 26 1300 
8 [Cp*Ir(L2)(Cl)]Cl
d 0.91 91 4600 
Performed in 10 mL of H2O 3.55 mmol K2CO3 at 160 
oC under 50 bar CO2:H2 (1:2) with stirring (1500rpm) in the presence 
of a complex (5 µmol) for 24 h. (a) Reaction carried out in the presence of only H2 33 bar, (b) calculated mmol of [HCO2
-] in 
the presence of excess mercury; (c) calculated TON of [HCO2
-] when reaction carried out in the presence of excess mercury. 
(d) Reference
19
, L1 = 2-(1H-imidazol-2-yl)pyridine, L2 =2-(1H-pyrazol-3-yl)pyridine performed in 10 mL of a 2.0M 
KHCO3 aqueous solution (pH 8.5) at 50
oC under 1.0 MPa H2/CO2 (1:1) with stirring (1500 rpm) in the presence of a 
complex (20 µm) for 24 h. 
 
2.4 Proposed mechanism for the iridium catalyzed CO2 hydrogenation  
 
When 2.5 was reacted with H2 in DMSO-d6 a new iridium species B was observed as 
evidenced by its 
1
H NMR spectrum which displayed a peak around -14 ppm (Figure 2.12b). 
If B was the molecular hydrogen complex, doubling of the tetrazole aromatic peaks would be 
seen, as was reported for a similar N^N bidentate Cp* iridium dihydrogen complexes (where 
the N^N bidentate ligand was an imidazole).
31
 However, specie B’s 
1
H NMR spectrum 
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showed no such doubling of the tetrazole aromatic peak signals. In addition, since the 
dihydrogen iridium complex is expected to be very acidic, it should undergo facile 
deprotonation in water in order to yield 2.7.
32
 However, this was not observed when B was 
kept in a DMSO-d6 containing water solution (Figure 2.12). We have proposed the structure 
of B to be a hydrido bridged iridium dinuclear species containing an IrHIr bond (Figure 
2.12b). In addition, the hydride signal of B is upfield as compared to 2.7 (-11 ppm). This 
implies that the hydride in B is bonded to an electron-rich group (in this case two iridium 
centers). Similar observations of such a mono hydrido bridged iridium dinuclear system have 
been reported in literature.
33
 Intermediate B was found to be stable for ≈ 13 months when left 
under ambient conditions.  
 
 
Figure 2.12: (a) 
1
H NMR spectrum of 2.7 (b) 
1
H NMR spectrum of intermediate B  
 
A mercury drop test confirmed that CO2 was hydrogenated by a molecular pathway (Table 
2.3), since addition of metallic mercury to the reaction contents did not inhibit transformation 
of CO2. As such a plausible reaction mechanism involving 2.4 as a catalyst precursor is 
indicated in Scheme 2.3. In the presence of a base and water, 2.4 undergoes an aquation 






Scheme 2.2: Formation of catalytically active iridium-hydride species. 
  
In the presence of H2, 2.6 (which potentially exist in equilibrium with intermediate A) is 
converted to hydrido bridged iridium dinuclear species B. This step is probably followed by 
addition of a second mole of H2 in the presence of a base leading to intermediate C (2.7). 
However, with the presence of carbonate ions in aqueous solution, formation of the hydrido 
complex C might also be achieved by a bicarbonate or water assisted H2 heterolysis.
19
 It 
appears that though N-2 is electron rich (Figure 2.9), this is not sufficient for it to act as a 
proton responsive group that results in high TON in the range that was observed by Himeda 
and co-workers.
26
 This is evidenced from optimization of solvent and base for which higher 





Scheme 2.3: Plausible reaction mechanism of N^N bidentate Iridium complexes for the CO2 
hydrogenation reaction. 
 
It is interesting to note that for most of these half-sandwich iridium(III) catalytic systems, it 
has been proven either by experiments or computational calculations that CO2 is the actual 
substrate undergoing reduction.
18,19
 However, for the tetrazolylpyridyl catalytic systems, an 
alternative route towards formate formation is proposed.  This route involves insertion of a 
bicarbonate ion into the iridium-hydride bond of 2.7 yielding intermediate D. This can then 
be followed possibly by loss of a hydroxyl group from D to afford intermediate E, which then 
results in expulsion of formate. Reactions of 2.7 with NaHCO3, under CO2 pressure and 
separately with CO2 in the presence of NaOH provided valuable insights as to the actual 









Reaction performed in a high pressure NMR tube, to 5 mg of 2.7 was added 10 mg of NaHCO3 in 0.5 mL DMSO-d6 and the 
reaction monitored over time. 
 
The reaction of 2.7 with NaHCO3, over a period of 3 h showed a gradual disappearance of the 
hydride peak of complex 2.7 (at -11 ppm) with the formation of a new iridium species with 
peaks at around -15 ppm and -16 ppm. Considering the very low chemical shifts at which 
these peaks appear, they are likely to be an iridium-hydride-bicarbonate species that is 
bridged by a hydride or possibly species D as indicated in Scheme 2.3. 
  
 
Figure 2.14: Investigating direct CO2 insertion route for formation of iridium-formato 
species by 
1
H NMR spectroscopy. 
Reaction performed in a high pressure NMR tube, to 5 mg of 2.7 in 0.5 mL DMSO-d6 was added 50 bar CO2 and the 
reaction monitored over time (blue spectrum). Reaction performed in a high pressure NMR tube, to 5 mg of 7 in 0.5 mL 
dmso-d6 was added 5mg NaOH and 50 bar CO2 and the reaction monitored over time (red spectrum) 
 
Similar peaks are observed when a combination of CO2 and NaOH are reacted with 2.7 
(Figure 2.14). This is possibly as a result of the in situ formation of bicarbonate species from 
a basic aqueous CO2 mixture. However, in the absence of a base, there seems to be no CO2 
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insertion into the metal hydride bond. This is in contrast to reported cases of various N^N 
bidentate iridium-hydride systems.
5,19
 However, such direct CO2 insertion in the metal-
hydride bond cannot be completely ruled out as hydrogenating CO2 in the presence of Et3N 
resulted in formate production. As observed from the in situ 
1
H NMR experiments, there is 
no reaction between B and either NaHCO3, CO2 or a mixture of CO2 + NaOH, since the peak 
at ~ -14 ppm remains over the course of the reaction. This indicates 2.7 is the catalytically 
active species for the CO2 hydrogenation reaction. Finally, in the last step of the reaction, the 
formate is expelled from iridium-formato E and further stabilized by K
+
 ions while A is 
regenerated. In attempts to isolate the formato species E, iridium hydride 2.7 was reacted 
with excess NaHCO3 at 70 
o
C for 16 h. Over the course of the reaction, 2.7 which is not 
soluble in water gradually dissolves in water resulting in a yellow solution. The 
1
H NMR 
spectrum of this reaction solution showed disappearance of the hydride peak accompanied by 
the appearance of a new formate peak at ≈ 8.4 ppm. However, a variety of 
1
H NMR signals 





Two tetrazole-containing ligands and five tetrazole-containing iridium(III) and palladium(II) 
complexes have been synthesized and characterized using NMR spectroscopy, mass 
spectrometry, infrared and single crystal X-ray diffraction for complex 2.4. The complexes 
were evaluated for their catalytic activity in the CO2 hydrogenation for which there was 
varying degree of success. The highest TON achieved was 560 which significantly lower than 
other iridium(III) half sandwich catalytic systems previously reported therefore implying that 
N-2 position of the tetrazolyl ligand in the current systems is poorly proton responsive. 
Nonetheless, the iridium precatalysts were found to be more active as compared to the 
palladium variant. The complexes were found to hydrogenate CO2 in the presence of water 
via a homogeneous catalytic approach. The iridium precatalysts were observed to first 
undergo aquation in water. This was followed by formation of a bridge-hydrido and a 
subsequent iridium-hydride species. This iridium-hydride species then goes on to 







All reactions were carried out in air unless otherwise stated. All solvents used were reagent 
grade, purchased from Sigma Aldrich and dried under nitrogen before use. 2-cyanopyridine, 
sodium azide, triethylamine hydrochloride, tert-butanol and 65% perchloric acid were 
purchased from Sigma Aldrich and used without further purification. PdCl2 and iridium(III) 





 were synthesized according to literature procedures. 
NMR spectra were recorded on Bruker 400 MHz NMR spectrometer (
1












H} NMR 187 MHz). 
Spectrometer chemical shifts were reported relative to the internal standard tetramethylsilane 
(δ 0.00 ppm) and referenced to the residual proton and carbon signals at 7.24 and 77.0 ppm 
respectively of CDCl3. Infrared spectra were obtained neat using a Perkin Elmer Spectrum 
BX II fitted with an ATR probe. Melting points were obtained using a Gallenkamp Digital 
Melting-point Apparatus 5A 6797. Elemental analysis was performed on a Thermos 
Scientific FLASH 2000 CHNS-O Analyzer. Mass spectrometry was performed using Waters 
Synapt G2 mass spectrometer with both ESI positive and Cone Voltage 15 V. XRD spectra 
were obtained from a Bruker APEX-II CCD Diffractometer.  
 
2.6.1 Synthesis of 2-(2H-tetrazol-5-yl)pyridine (2.1) 
 
Into a round bottom flask containing 100 mL toluene, 5.20 g (50 mmol) of 2-cyanopyridine, 
4.2 g (65 mmol) of NaN3 and 20.6 g (150 mmol) of Et3N.HCl was added and the mixture 
stirred at 110 
o
C for 24 h. After cooling the reaction mixture to room temperature, 36% HCl 
was added until the was acidic (pH = 2) to precipitate the crude product. The mixture was 
then filtered, and the residue washed with 36% HCl (100 mL). The solid residue was then 
oven dried for 20 min at 110 
o
C. The crude product was purified by dissolving in methanol 
followed by filtration and drying of the filtrate. Appearance; brown solid (Yield = 6.1 g, 
83%). Solubility: Soluble in water, methanol, DMSO; 
1
H NMR (400 MHz, DMSO, 30 
o
C) 
(ppm): 8.80 (d, 
3
J = 4.4 Hz, 1H, Harom), 8.23  (d, 
3
J = 8.0 Hz, 1H, Harom), 8.09  (t, 
3
J = 6.4 Hz, 
1H, Harom), 7.66  (t, 
3




H} NMR (100.6 MHz, DMSO-d6): 155.26; 
150.53; 144.14; 138.71; 126.58; 123.08; Elemental analysis; Anal. calcd. for C6H5N5: C, 
48.98%; H, 3.43%; N, 47.60%. Found C, 48.78%; H, 3.30%; N, 47.44%. 
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2.6.2 Synthesis of 2-(2-(tert-butyl)-2H-tetrazol-5-yl)pyridine (2.2) 
 
Into a round bottom flask, tert-butanol 0.32 mL (3.5 mmol) was added to a suspension of 
0.515 g 2-(2H-tetrazol-5-yl)pyridine (2.1) (3.5 mmol) in 1.25 mL of 65% perchloric acid 
slowly while stirring. The mixture was then stirred for 2 h at room temperature after which 10 
mL of 10M NaOH was added. The aqueous mixture was then extracted with 3 x 25 mL 
portion s of chloroform and dried in vacuo to yield 2.2. Appearance; white solid (Yield = 
0.55 g, 77%). Solubility: Soluble in, methanol, chloroform, DMSO; 
1
H NMR (400 MHz, 
CDCl3, 30 
o
C) (ppm): 8.77 (d, 
3
J = 4 Hz, 1H, Harom), 8.25  (d, 
3
J = 7.6 Hz, 1H, Harom), 7.82  
(t, 
3
J = 1.6 Hz, 1H, Harom), 7.36  (t, 
3







NMR (100.6 MHz, DMSO): 164.18; 150.56; 146.91; 138.03; 125.61; 122.81; 64.69; 29.31; 
Elemental analysis; Anal. calcd. for C10H13N5: C, 59.10%; H, 6.45%; N, 34.46%. Found C, 
59.22%; H, 6.30%; N, 34.44%. 
 
2.6.3 Synthesis of [PdCl2(1)] (2.3) 
 
Into a Schlenk tube containing 10 mL CH2Cl2, 100 mg (0.67 mmol) of 2-(2H-tetrazol-5-
yl)pyridine (2.1) and 176 mg (0.67 mmol) of [PdCl2(MeCN)2]  was added. The reaction 
mixture was then stirred for 24 h at room temperature. After the reaction time had elapsed, 
the solvent was reduced in vacuo to yield the product. Appearance brown solid, (Yield = 176 




H NMR (400 MHz, DMSO-d6, 30 
o
C) (ppm) = 8.98 (d, 
3
J = 5.6 Hz, 1H, Harom), 8.22 (t, 
3
J = 7.6 Hz, 1H, Harom), 8.11  (d, 
3
J = 6.8 
Hz, 1H, Harom), 7.67  (t, 
3
J = 6.8 Hz, 1H, Harom). HR-ESI-MS [M-N2]
+
 = 293.0515; Elemental 
analysis; Anal. calcd. for C6H5N5PdCl2: C, 22.21%; H, 1.55%; N, 21.59%. Found C, 22.51%; 












Into a Schlenk tube containing 5 mL CH2Cl2, 200 mg (0.98 mmol) of 2-(2-(tert-butyl)-2H-
tetrazol-5-yl)pyridine (2.2) and 388 mg (0.49 mmol) of [Ir(C5Me5)Cl2]2 was added. The 
reaction mixture was then stirred for 24 h at room temperature. After the reaction time had 
elapsed, the solvent was reduced in vacuo to yield the product. Appearance yellow solid, 
(Yield = 545 mg, 93%).  Solubility: Soluble in DCM, CHCl3; 
1
H NMR (400 MHz, CDCl3, 30 
o
C) (ppm) = 9.10 (d, 
3
J = 5.2 Hz, 1H, Harom), 8.35 (m, 2H, Harom), 8.11 (t, 
3
J =5.6 Hz, 1H, 
Harom), 1.86  (s, 9H, H
t






H} NMR (100.6 MHz, DMSO): 165.81; 
153.41; 142.74; 141.23; 131.30; 124.27; 89.90; 69.46; 29.33; 9.31; HR-ESI-MS [M]
+
 = 
566.1660; Elemental analysis; Anal. calcd. for C20H28Cl2IrN5: C, 39.93%; H, 4.69%; N, 
11.64%. Found C, 40.48%; H, 4.30%; N, 11.44%. 
 




Into a Schlenk tube containing 5 mL of water, 20 mg (0.033 mmol) of 2.4 was added and 
stirred for 10 min followed by the addition of 10.37 mg (0.033 mmol) of Ag2SO4. The 
reaction mixture was then stirred for 16 h at 40 
o
C. After the reaction time had elapsed, the 
reaction mixture was filtered, and the filtrate dried in vacuo to yield the product. Appearance 
yellow solid, (Yield = 18 mg, 87%).  Solubility: Soluble in water, CHCl3 
1
H NMR (400 
MHz, D2O, 30 
o
C) (ppm) = 9.06 (d, 
3
J = 5.2 Hz, 1H, Harom), 8.38 (d, 
3
J = 7.6 Hz, 1H, Harom), 
8.29  (t, 
3
J =7.6 Hz, 1H, Harom), 7.84  (t, 
3
J =6.0 Hz, 1H, Harom), 1.77  (s, 9H, H
t







H} NMR (100.6 MHz, D2O): 166.71; 152.76; 143.76; 142.41; 130.21; 
124.34; 89.75; 69.92; 28.16; 8.86; HR-ESI-MS [M+H]
+
 = 628.1513;  Elemental analysis; 
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Anal. calcd. for C20H28IrN5OS4: C, 38.33%; H, 4.50%; N, 11.17%. Found C, 38.48%; H, 
4.77%; N, 11.44%. 
 




Into a Schlenk tube containing 5 mL of water, 27 mg (0.043 mmol) of 2.5 was added and 
stirred for 10 min followed by the addition of 14.47 mg (0.086 mmol) of NaPF6. The reaction 
mixture was then stirred for 30 min at room temperature. After the reaction time had elapsed, 
the reaction mixture was filtered. To the residue, 15 mL of methanol was added, and the 
resulting suspension filtered. Drying this filtrate in vacuo for 6 h yielded the desired product. 
Appearance yellow solid, (Yield = 31 mg, 86%).  Solubility: Soluble in methanol, insoluble 
in water, CHCl3; 
1
H NMR (400 MHz, MeOD, 30 
o
C) (ppm) = 9.30 (d, 
3
J = 5.6 Hz, 1H, 
Harom), 8.61 (d, 
3
J = 7.6 Hz, 1H, Harom), 8.52  (t, 
3
J =8.0 Hz, 1H, Harom), 8.09  (t, 
3
J =6.0 Hz, 
1H, Harom), 1.97  (s, 9H, H
t






H} NMR (100.6 MHz, D2O): 
152.95; 142.61; 141.27; 130.39; 124.87; 124.11; 90.40; 90.22; 27.87; 7.62; HR-ESI-MS [M]
+
 
= 550.1962; Elemental analysis; Anal. calcd. for C20H30F12IrN5OP2: C, 28.64%; H, 3.61%; N, 
8.35 %. Found C, 28.48%; H, 3.77 %; N, 8.44%. 
 




Into a Schlenk tube containing 5 mL of water, 20 mg (0.0319 mmol) of 2.5 was added and 
stirred for 10 min. This was followed by the addition of 867.76 mg (12.76 mmol) of 
HCOONa and the mixture heated at 70 
o
C for 30 min. KPF6 (0.0587g, 0.0319 mmol) was 
then added to the reaction mixture and stirred for 30 min at room temperature. After the 
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reaction time had elapsed, the reaction mixture was filtered, and the residue dried in an oven 
at 80
 o
C for 20 min to yield the desired product. Appearance yellow solid, (Yield = 18 mg, 
83%).  Solubility: Soluble in DMSO, insoluble in water; 
1
H NMR (400 MHz, DMSO, 30 
o
C) 
(ppm) = 8.99 (d, 
3
J = 5.6 Hz, 1H, Harom), 8.50 (d, 
3
J = 7.6 Hz, 1H, Harom), 8.26  (t, 
3
J =7.2 Hz, 
1H, Harom), 7.79  (t, 
3
J =6.0 Hz, 1H, Harom), 1.84  (s, 15H, HCp
*
), 1.77  (s, 9H, H
t
Bu),  -11.12  




H} NMR (100.6 MHz, DMSO): 155.88; 141.82; 141.22; 131.32; 125.27; 
124.10; 90.80; 90.20; 28.07; 7.92; HR-ESI-MS [M]
+
 = 532.2062;  Elemental analysis; Anal. 
calcd. for C20H29F6IrN5P: C, 35.50%; H, 4.32%; N, 10.35%. Found C, 35.88%; H, 3.97%; N, 
10.44%. 
 
2.6.8 Isolation of intermediate B 
 
Into a stainless steel reactor, 20 mg of 2.5 (0.03 mmol) was dissolved in 0.5 mL of DMSO-
d6. The reactor was the pressurized with 5 bar H2 and subsequently stirred at 100 
o
C for 1 h. 
After the reaction time had elapsed, the reactor was cooled ad the gas vented off. The crude 
mixture was then dried at 90 
o
C under vacuum to remove the solvent. Appearance yellowish 
brown solid, (Yield = 15 mg, 75%).  Solubility: Soluble in DMSO, insoluble in chloroform, 
diethyl ether, hexane. 
1
H NMR (400 MHz, DMSO, 30 
o
C) (ppm) = 8.76 (d, 
3
J = 6.2 Hz, 2H, 
Harom), 8.15 (d, 
3
J = 7.6 Hz, 2H, Harom), 8.02  (t, 
3
J =7.2 Hz, 2H, Harom), 7.57  (t, 
3
J =6.2 Hz, 
2H, Harom), 1.98  (s, 30H, HCp
*
), 1.77  (s, 18H, H
t





(100.6 MHz, DMSO-d6): 165.32; 154.66; 145.06; 142.40; 130.55; 124.64; 94.90; 69.85; 
29.00; 8.55; HR-ESI-MS [M-2CH3]
+











934.16;  Elemental analysis; Anal. calcd. for C20H28IrN5OS4: C, 38.27%; H, 4.66%; N, 






2.7 General CO2 hydrogenation reaction. 
 
Into a stainless steel reactor, appropriate µmol of the appropriate catalyst was dissolved in 10 
mL of appropriate solvent. 3.55 mmol of the appropriate base was added and the resulting 
solution pressurized with the required CO2:H2 ratios. The reaction mixture was then stirred at 
the appropriate temperature for the required time at 1500 rpm. After the appropriate reaction 
time had elapsed, the reactor was cooled and the gasses slowly vented. 0.4 mL of the contents 
of the reactor were sampled and added to 0.2 mL of D2O and 5µL of DMF (as standard). 
Amounts of product (formate) obtained was calculated by integral relations between singlet 
formate peak at 8.3 ppm and the singlet DMF formamide peak at 7.9 ppm in the 
1
H NMR 
spectrum of the sample. 
 
2.8 Experimental description of generating electrostatic potential map 
 
Calculation was carried out with Spartan 14 Molecular Modeling program (Wave function, 
2014) at the Semi-empirical PM6 level of theory. The starting geometry of the molecular 
system was constructed using S ARTAN’s graphical model builder and minimi ed 
interactively using the sybyl force field. The geometry was fully optimized without any 
symmetry constraints. The optimized geometry was subjected to full frequency calculations 
to verify the nature of the stationary points. Equilibrium geometry was characterized by the 
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Iridium(III) and ruthenium(II) catalyzed CO2 hydrogenation in water by catalyst 
precursors with proton responsive OH and NH electron-rich tetrazole ligands 
3.1 Introduction 
The conversion and recycling of CO2 instead of its storage or disposal is an attractive 
proposition especially if industrial processes exist for the conversion of CO2 to useful 
products.
1–3
 One class of effective catalytic systems for CO2 hydrogenation are iridium half-
sandwich complexes. They have been shown to demonstrate impressive catalytic activity for 
both CO2 hydrogenation and formic acid dehydrogenation.
4–9
 Ruthenium complexes have 
been found to be very active precatalysts for hydrogenation reactions using either molecular 
hydrogen as a direct hydrogen source or isopropanol or formic acid as an indirect hydrogen 
source. In addition to other hydrogenation reactions (mainly of ketones and aldehydes), 
ruthenium complexes have been shown to hydrogenate supercritical CO2 as well as NaHCO3 
while reversibly disproportionating formic acid back to hydrogen and CO2.
10–14
 A variety of 
factors have been shown to influence the catalytic activity of half-sandwich complexes for 
CO2 hydrogenation. Designing catalysts with enhanced electron-donating effects, second 
sphere coordination effects and the use of electron rich N based ligands has resulted in the 
preparation of highly active half-sandwich complexes for CO2 hydrogenation. In addition, the 
presence of a base is generally required to improve the enthalpy of CO2 hydrogenation or to 
consume the formic acid as its being generated in order to form formate while shifting the 
equilibrium forward.
15
 In other cases, the base has been required in order to accelerate the H2 
heterolysis thereby kinetically promoting the catalytic activity.
16–19
 DFT and KIE 
experiments indicate that water plays a vital role for these classes of catalysts especially as it 
resulted in the formation of metal-aqua complexes as the resting state for the catalyst during 
the catalytic cycle. The catalytic cycle for various half-sandwich complexes with chloride 
ligands thus involves the hydrolyses of chloro-metal complexes in order to form the aqua-




A classic example of an iridium half-sandwich complex used for CO2 hydrogenation is 
reported by Himeda and co-workers.
21
 Using 4-hydroxy-N-methylpicolinamidate as the 
ligand, CO2 could be efficiently hydrogenated even under ambient conditions (0.1 MPa, 25 
°C) in basic water. This catalytic system generated a TON of 14 700, and TOF of 167 h
−1
, 
resulting in the production of a concentrated 0.64M formate solution. This high catalytic 
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activity was attributed to the increased electron donation from the anionic amide moiety as 
well as from the oxyanion moiety. In their work, Himeda and co-workers
21
 demonstrated that 
non-aromatic imidazoline moieties were more efficient ligands than aromatic imidazole 
moieties. This was as a result of the restricted delocali ation of π-electrons within the 
amidine moieties. From DFT calculations, the proposed mechanism for the mode of action 
for the catalytic systems involved the binding of H2 to a vacant site on the iridium center after 
dissociation of an aqua ligand. It is then followed by direct H2 heterolysis using amide as the 
proton acceptor resulting in the formation of the iridium hydride (Ir−H) intermediate. The 
presence of hydroxyl groups which deprotonate under basic conditions results in the 
formation of strongly electron donating oxyanion groups. The oxyanion group in addition to 




) have been shown to contribute towards dihydrogen 
activation and cleavage through outer sphere coordination effects leading to the formation of 
the catalytically active iridium hydride species during the CO2 hydrogenation reaction.
23–25
 
DFT and KIE experiments both confirmed direct heterolysis as the preferred route of 
formation over a H2O or HCO3
-
 assisted H2 heterolysis. The final steps for the mechanism 
then involves an electrophilic attack by CO2 on the iridium hydride species to yield an iridium 
formate (Ir−OCHO) intermediate which undergoes dissociation of the formate in order to 
regenerate the catalyst.
21
 However, in contrast to several instances where the formation of an 
iridium hydride species has been shown to be the rate limiting step
23,24,26
, the rate limiting 
step for iridium catalyzed CO2 hydrogenation can also be the step involving the insertion of 
CO2 into the iridium-hydride bond.
27
 Interestingly, for an N^C bidentate iridium half-
sandwich complex used for CO2 hydrogenation,
28
 UV-VIS characterization as well as NMR 
spectral evidence after hydrogenation indicated the catalyst undergoes changes during the 
catalytic cycle, from an N^C bidentate iridium complex to a C^C bidentate iridium complex 
after the reaction.
28
 Similar observations have been reported in literature for cyclometalation 
of bidentate NHC-pyridine ligands involving iridium, rhodium, gold, palladium and 
platinum.
29–31
 Such changes in catalyst structure before and after CO2 hydrogenation could be 
as a result of inherent iridium-heteroatom bond weakness in catalyst designs. In N^N 
bidentate dibenzimidazole iridium half-sandwich complexes reported by Yoon and co-
workers
32
 for CO2 hydrogenation, a crystal structure  of the complex indicated a longer Ir–N 
(2.127 Å) and Ir–Cp* (1.789 Å) bond lengths as compared to [Cp*Ir(Bpy)Cl]Cl
23
  which had 
Ir- N and Ir–Cp* of 2.076 Å and 1.785 Å respectively. These elongated bond lengths for Ir–N 
and Ir–Cp* was attributed to the steric bulk of the dibenzimidazole ligand as compared to 
pyridine. Thus, weaker Ir–N and Ir–Cp* bond interactions were expected for N^N bidentate 
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dibenzimidazole iridium half-sandwich complex which in turn might lead to dissociation and 
result in structural instability under CO2 hydrogenation conditions. As such catalysts that 
possess proton responsive OH or NH groups are expected to perform excellently for CO2 
hydrogenation and this chapter provides insights into such proton responsive iridium or 
ruthenium catalyzed CO2 hydrogenation. 
  
3.2 Results and Discussions 
3.2.1 Synthesis and characterization of proton responsive tetrazole-based ligand 
 
Synthesis of 3.1 (Scheme 3.1), was achieved by first reacting the aryl nitrile with a slight 
excess of NaN3 in the presence of excess of Et3N.HCl in toluene under elevated temperatures. 
However in contrast to the procedure for the formation of 2-(2H-tetrazol-5-yl)pyridine, 2-
methoxy-6-(2H-tetrazol-5-yl)pyridine (3.1), does not precipitate from solution upon 
acidifying the reaction mixture with HCl(aq). In order to obtain 3.1, instead of acidifying the 
reaction mixture after completion of the reaction, the solvent was evaporated off to yield a 
crude mixture of 3.1, NaN3 and triethylamine hydrochloride salt. DCM was then added to 
remove the excess NaN3 and Et3N.HCl. Subsequently, drying the filtrate and dissolving in 
diethyl ether caused any dissolved Et3N.HCl to precipitate. Removal of the solvent from the 
diethyl ether filtrate and washing the residue with toluene yielded 3.1 albeit in poor yield. 
Compound 3.1 is a white solid and is both air and moisture stable that is soluble in a variety 
of solvents such as DMSO, chloroform and water. In addition, elemental analysis also 
confirmed the formation of tetrazole ring since the nitrogen content of 3.1 (35.17%) is 
significantly different from the nitrogen content of 6-methoxypicolinonitrile (20.88%). 
In other attempts to isolate 3.1, the resulting acidified solution was heated at 100 
o
C under 




Scheme 3.1: Synthesis of proton responsive ligands 
Interestingly, over the course of 6 h, an orange gel formed, and addition of distilled water to 
this gel immediately resulted in the precipitation of a white solid. Characterization of this 
precipitate indicated 3.2, had  inadvertently been synthesized via this procedure.   
The ligand 3.2 was obtained in good yields and is both air and moisture stable. In addition, it 
is soluble in DMSO while being insoluble in organic solvents such as DCM and insoluble in 
water. Elemental analysis also confirmed the formation of tetrazole ring since the nitrogen 
content of 3.2 (42.93%) is significantly different from the nitrogen content of 6-
methoxypicolinonitrile (20.88%). 
Interestingly, selective alkylation of either 3.2 or 3.1 with a tert-butyl group was achieved by 
using a mixture of tert-butanol in perchloric acid (Scheme 3.1). This resulted in the formation 
of 3.3 and 3.4 which were obtained as white solids in excellent yield. Ligands 3.3 and 3.4 are 
soluble in organic solvents such as DCM and THF while being insoluble in water. 
Confirmation of the presence of the alkyl group in both 3.3 and 3.4 was provided by 
1
H NMR 
spectroscopy for which a signal around 1.7 ppm integrating for 9 protons was observed. 
This selective alkylation of the N atom in position b on the tetrazole ring in 3.2 (Scheme 3.1), 
similar to that observed in 2-(2H-tetrazol-5-yl)pyridine is possible because in the presence of 
excess strong acid such as perchloric acid, there is protonation of the oxygen atom on the 
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hydroxyl group, nitrogen atom of the pyridine ring as well as nitrogen d of the tetrazole ring. 
This results in a delocalization of charge between positions a, e and d. With this 
delocalization of charge, only two equivalent positions b and c as available sites for attack by 
the tert-butyl goup.
33
 As such, alkylation of b or c yields the same products as rotamers since 
rotation along the C-C bond between the pyridine and tetrazole rings occurs in compounds 
3.3 and 3.4. 
3.2.2 
1




H} NMR spectra of tetrazolyl ligands 3.1-3.4 
1
H NMR spectroscopy characterization of 3.1 indicated signal shifts in proton signals of 
around 0.1-0.2 ppm when compared to the 
1
H NMR spectrum of 6-methoxypicolinonitrile. In 
the case of 3.2, 
1
H NMR spectroscopy characterization indicated only slight signal shifts in 
proton signals of around 0.1-0.2 ppm when compared to the 
1
H NMR spectrum of 6-
methoxypicolinonitrile. In addition, there is an observed disappearance of the peak 
corresponding to the methoxy protons of 6-methoxypicolinonitrile. Alkylation of 3.1 or 3.2 
with a tert-butyl group yielding 3.3 and 3.4 was accompanied by the appearance of a new 
signal at 1.75 ppm as observed in the 
1
H NMR spectrum. In addition, only marginal changes 
of around 0.1 ppm in the positions of the NMR signals corresponding to the pyridyl protons 
were observed. Figures 3.1 and 3.2 represent 
1




H} NMR spectra of 3.1 
respectively as representative spectra of the series. 
Figure 3.1: 
1








H} NMR spectrum of 3.1 recorded in DMSO-d6 
3.2.3 Mass spectrometry and elemental analysis of tetrazolyl ligands 3.1-3.4  
Further confirmation for the formation of 3.1-3.4 were provided by mass spectrometry where 
generally peaks corresponding to [M+H]
+
 were observed. For example in the case of 3.2 and 
3.3, peaks with m/z [M+H]
+
 = 164.0571 and [M+H]
+
 = 220.1196 were observed for 3.2 and 
3.3 (Table 3.1) respectively. However, in the case of 3.1, m/z [M]
-
 = 176.0558 was observed 
for the anionic tetrazolyl fragment. Figure 3.3, mass spectrum of 3.2 serves as a characteristic 




Figure 3.3: Mass spectrum of 3.2 
Table 3.1: High resolution mass spectrometry results for 3.1-3.4 
Compound Calculated molar mass (g/mol)  Molecular fragment (m/z) Assignment 
3.1 199.05 176.0558 [M]
-
 
3.2 163.05 164.0571 [M+H]
+
 
3.3 219.11 220.1196 [M+H]
+
 




In addition to the mass spectra of 3.1-3.4, elemental analysis of 3.1-3.4 also confirmed these 
compounds were obtained since elemental analysis of the starting aryl cyanide is significantly 
different from tetrazolyl ligands 3.1-3.4. In addition, 3.1-3.4 were obtained in pure forms as 
deviations from the expected results were less than 0.5%. 
3.2.4 Synthesis and characterization of tetrazolyl ruthenium and iridium complexes 
Synthesis of the chloro substituted complexes 3.5-3.7 (Scheme 3.2), was achieved by reacting 
the appropriate ligands in a 2:1 ratio with [Ir(C5Me5)Cl2]2 in DCM for 24 h. The complexes 
were obtained as yellowish solids in good yield and soluble in most organic solvents such as 
DCM and CHCl3.  
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Scheme 3.2: Synthesis of proton responsive iridium complexes 
From the 
1
H NMR spectra of complexes 3.5-3.7 rotamers of the complexes were not 
observed, in contrast to what is observed for 3.3 or 3.4 where rotamer formation was 
observed.  As a result of the bulkiness of the tert-butyl group, the obtained compound would 
be reasonably expected to be the less sterically hindered complexes 3.5-3.7. In addition, 
besides steric bulk, it has also been demonstrated by both experimental and quantum-
chemical calculations of 2-monosubstituted tetrazoles
34,35
 that the most preferable 
coordinating nitrogen in the tetrazole ring is position a. Reaction of the chloro substituted 
complex 3.5 with Ag2SO4 as halide abstractor in water yielded new aqua complex 3.8. The 
substitution of the chloride ligands was confirmed by 
1
H NMR spectroscopy for which 
changes of around 0.2 ppm was observed.  The formation of aqua complexes is in contrast to 
other reported cases of halide abstraction using Ag2SO4 in water for N^N chloro-iridium 
substituted systems for which sulfato complexes have been formed.
36
 The presence of an 
aqua ligand was confirmed by reacting 3.8 with NaPF6 and the product analyzed by NMR 




H} NMR spectroscopy, a 
near identical 
1
H NMR spectrum was obtained as compared to 3.8. This is contrary to what 
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will be expected and has been observed in 
1
H NMR spectra of similar systems as a result of 
different electronic properties due to coordination of either the sulfato or aqua group. 
However, in aqueous solutions, equilibration between 3.8 and 3.8a may also be expected to 
take place. 
Reaction of the aqua complexes with excess HCOONa followed by a counter ion exchange 
with NaPF6 resulted in the new metal hydride species 3.9. The presence of the hydrido ligand 
was confirmed by 
1
H NMR spectroscopy where a peak was observed around -11 ppm 




H} NMR spectrum indicates the 




H NMR spectrum of 3.9 in DMSO-d6 
The new chloro substituted ruthenium complexes 3.10-3.14 (Scheme 3.3), were prepared 
when the appropriate ligand was reacted in a 2:1 ratio with [Ru(p-Cymene)Cl2]2 in DCM over 




Scheme 3.3: Synthesis of ruthenium with proton responsive ligands 
The ruthenium chloro substituted complexes were obtained in good yields and were observed 
to be soluble in organic solvents such as chloroform and DMSO. In contrast to the formation 
of the ligands were rotamers were expected to form, such isomers were not observed after 
complexation of the ligands with [Ru(p-Cymene)Cl2]2. Carrying out a halide abstraction 
reaction on 3.10 using Ag2SO4 yielded a new ruthenium complex 3.13. Confirmation of 
formation of the presence of an aqua ligand was investigated by reacting 3.13 with NaPF6 and 




H} NMR spectroscopy, however a near identical 
1
H NMR spectrum was obtained as 
compared to 3.13. Since the PF6 ion is non-coordinating, an aqua ligand will be expected to 
coordinate to the ruthenium center upon counterion exchange as opposed to the formation of 
a sulfato complex 3.13a. With no changes observed in the 
1
H NMR of the new complex, the 
structure of 3.13 was assigned as the aqua complex. This is because slightly different 
1
H 
NMR spectra were observed for similar N^N bidentate half sandwich complexes which had 
either aqua or sulfato ligands (as observed in the previous chapter). However, in aqueous 
solutions, equilibration between 3.13 and 3.13a may also be expected to take place. Treating 
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the aqua complex 3.13 with HCOONa in water with a subsequent counter ion exchange using 
NaPF6 resulted in the ruthenium hydride species 3.14. A peak at -6 ppm in the 
1
H NMR 
spectrum of 3.14 confirmed the presence of the hydride ligand with an integral ratio that 









H NMR spectrum of 3.14 in DMSO-d6 
3.2.5 
1




H} NMR spectra of tetrazolyl complexes 3.5-3.14 
For iridium containing tetrazolyl complexes 3.5-3.9, 
1
H NMR characterization served as an 
important means of indicating complexation, since significant shifts of around 0.5 ppm were 
observed when compared to the 
1





spectroscopy for the iridium tetrazolyl complexes 3.5-3.9 generally showed aromatic peaks 




H} NMR signals for these 








H} NMR spectrum of 3.5 
 
Figure 3.7: HSQC of 3.6 
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In the case of ruthenium tetrazolyl complexes 3.10-3.14 
1
H NMR spectra obtained for these 
complexes indicated shifts of around 0.4 ppm for protons on the pyridine ring when 
compared to the ligands. Additional evidence of complexation of the ligands with the metal is 
the splitting of peaks assigned to the four aromatic protons present on the Ru-(p-Cymene) 




H NMR spectrum of 3.13 
3.2.6 Mass spectrometry and elemental analysis of tetrazolyl ligands 3.5-3.14  
Confirmation for the formation of 3.5-3.14 were supported by mass spectrometry where 
generally peaks corresponding to [M]
+





 were observed.  For example in the case of 3.7 and 
3.13, peaks with m/z [M-Cl]
+
 = 504.1379 and [M-H2O]
+
 = 454.1184 were observed for 3.7 





Figure 3.9: Mass spectrum of 3.14 
Table 3.2: High resolution mass spectrometry results for 3.5-3.14 
Compound Calculated molar mass (g/mol)  Molecular fragment (m/z) Assignment 
3.5 617.13 582.1602 [M]
+
 
3.6 631.62 596.1759 [M]
+
 
3.7 539.06 504.1379 [M-Cl]
+
 
3.8 660.77 564.1954 [M]
+
 
3.9 692.67 546.1996 [M]
+
 
3.10 525.06 490.0948 [M]
+
 
3.11 539.47 504.1103 [M]
+
 
3.12 446.04 447.0477 [M]
+
 
3.13 569.09 454.1184 [M-H2O]
+
 







Figure 3.10: Mass spectrum of 3.7 
Similarly, elemental analysis of 3.5-3.14 also confirmed these compounds were obtained in 
pure forms as deviations from the expected results were less than 0.5%. 
 
3.3 Evaluation of complexes 3.5-3.14 for CO2 hydrogenation 
The iridium complexes 3.5-3.9 were evaluated for catalytic activity in hydrogenating CO2 
under identical conditions as those reported for their non-proton responsive counterparts 
(Chapter 2). CO2 hydrogenation was carried out at 160 
o
C in 10 mL of water, under 50 bar 
CO2:H2 (1:2) using 3.55 mmol K2CO3 at 5 µmol catalyst loading for 24 h at 1500 rpm (Table 
3.3).  Under these conditions 3.5 yielded 2.95 mmol of formate resulting in a conversion of 
42% (Table 3.3, entry 1). Using 3.8, which possessed aqua ligands, a conversion of 61% was 
observed with yields 4.336 mmol of formate. This increased activity is due to the ease of 
dissociation of the aqua ligand in 3.8 yielding a vacant site prior to the formation of the 
iridium hydride species as compared to 3.5. However, a drop in conversion from 61% to 16% 
was observed when the discrete iridium hydride 3.9 was used in CO2 hydrogenation under 
identical conditions as those used for 3.8. This reduced activity is possibly due to the poor 
solubility of these complexes in water effected by the presence of PF6 counter ions. For both 
catalysts 3.5 and 3.8 both catalytically active hydride species are soluble in water since the 
chloride and sulfato counter ions still result in intermediates that remain soluble in water over 
the course of hydrogenation. The influence of the counterion was observed when water-
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soluble iridium hydride species were observed from 3.5 by pressurizing an aqueous basic 
solution of 3.5 with H2 after which the hydride peak was observed in the 
1
H NMR spectrum. 
Furthermore, in the synthesis of 3.9, prior to product precipitation from water using KPF6, the 
hydrido compound with chloro counterion remains soluble in water. Thus, the presence of the 
PF6 counterion in 3.9 results in reduced solubility of various intermediates in water since 3.9 
is not soluble in water. 
Comparing proton responsive ruthenium(II) precatalysts (3.10-3.14) with their iridium 
counterparts (3.5-3.9), it is evident that iridium precatalysts are more suitable for CO2 
hydrogenation (Table 3.3). Under identical conditions, proton responsive 3.10 produced 
1.783 mmol of formate, however, using the iridium Cp
*
 analogue under the same conditions 
results in 2.950 mmol of formate. Substituting the chloro ligand for an aqua ligand in 
ruthenium precatalyst 3.11 (Table 3.3 entry 8) similarly results in an increase in the amount 
of formate from 1.783 mmol to 1.928 mmol. This increase is expected since in the case of 
3.10, dissociation of the chloro ligand is expected prior to the formation of the catalytically 
active hydride species. Using a hydride ligand in 3.14 (Table 3.3 entry 9) resulted in lower 
product formation (0.575). This is in contrast to expecting similar or slightly higher catalytic 
activity due to the absence of sulfato species in solution that may coordinate to the ruthenium 
during the catalytic cycle (thereby reducing catalytic activity). Since there will be no 
competition between aqua and sulfato coordination, hydride formation will be reasonably 
expected to happen at a faster rate in 3.14. However, the reduced activity observed is 
assigned to the poor solubility of 3.14 with PF6 counter ion in water. Further support for the 
role of the counter ion on complex solubility is evidenced in the synthesis of 3.14. Prior to 
hydride precipitation from water using KPF6, the hydrido compound with chloro counterion 
remains soluble in water. Similarly, pressurizing an aqueous basic solution of 3.10 with H2 
demonstrates the presence of the water-soluble analogue of 3.14. Thus hydride species 
formed from either 3.10 or 3.13 possesses chloro or HSO4
-
 ions which may enhance solubility 
in water resulting in increased catalytic activity.  By reducing the catalyst loading for both 3.5 
and 3.10 (Table 3.3, entries 13 and 14)  significantly higher TONs of around 3000 can be 
observed which are in reported ranges for similar proton responsive N^N bidentate iridium 
half sandwich complexes (Table 3.3, entries 15 and 16). Similarly, high conversion (of base 
used) of around 60% can be obtained when using these precatalysts for CO2 hydrogenation 






Table 3.3: Evaluating precatalysts 3.5-3.14 for CO2 hydrogenation. 




 %  TON 
 
1 3.5 2.950 42 590 
2 3.8 4.336 61 867 
3 3.9 1.143 16 229 
4 3.7 0.997 14 199 
5 3.6 0.728 10 146 
6 2.4
 1.420 20 283 
7 3.10 1.783 25 356 
8 3.13 1.928 27 385 
9 3.14 0.575 8 115 
10 3.11 1.531 22 306 
11 3.12 0.891 13 178 
12 3.10
b 0.851 12 170 
13 3.5
c 1.410 20 2820 
14 3.10
c 0.875 12 1750 
15 [Cp*Ir(L1)(Cl)]Cl
d 0.26 1.3 1300 
16 [Cp*Ir(L2)(Cl)]Cl
d 0.91 4.5 4600 
17 [Cp*Ir(L3)(Cl)]Cl
d
 2.2 10.8 11000 
18 3.5
b 0.300 4 62 
Reactions performed in duplicates in 10 mL of H2O, 3.55 mmol K2CO3 at 160 
o
C under 50 bar CO2:H2 (1:2) 
with stirring (1500 rpm) in the presence of a precatalyst (5 µmol) for 24 h. (a) Conversion calculated (mmol 
product/original mmol of substrate) x 100% (b) Reaction carried out in the absence of CO2 using 33 bar H2. (c) 
Reaction carried out using precatalyst (0.5 µmol) (d) Reference
17
, L1 = 2-(1H-imidazol-2-yl)pyridine, L2 = 2-
(1H-pyrazol-3-yl)pyridine, L3 = 6-(1H-imidazol-2-yl)pyridin-2-ol,  Performed in 10 mL of a 2.0 M KHCO3 
aqueous solution (pH = 8.5) at 50 
o
C under 1.0 MPa H2/CO2 (1:1) with stirring (1500 rpm) in the presence of a 
complex (20 µm) for 24 h. 
 
When entries 1 and 6 are compared (Table 3.3), it is evident that introducing the proton 
responsive OH group, resulted in enhanced catalytic activity yielding double the mmol of 
formate produced. Similar observations have been reported in literature documenting the 
increased activity provided by pendant OH groups, either as electron donating groups or by 





 However, by using an iridium catalyst with a protected hydroxyl group (Table 
3.3, entry 5), conversions are reduced from 42% to 10%. Interestingly, removing the methoxy 
group from 3.6 to 2.4 completely results in increased conversion from 10% to 20%. This is in 
spite of the increased electron-donation provided by the methoxy group in 6 by the inductive 
effect which is evidenced in its 
1
H NMR spectrum with the pryridyl peaks generally upfield 
in 6 compared to those peaks in 2.4. It is plausible catalytic activity may be reduced due to 
increased steric bulk of the methoxy group close to the iridium center inhibiting or slowing 
the rates of formation of the various intermediates in the catalytic cycle. With the use of 3.7 
(Table 3.3, entry 4) for hydrogenating CO2, conversion of 14% is obtained compared to its 
analogue 6 which was able to convert 10% of base. This slightly increased catalytic activity 
suggests the negatively charged tetrazolyl group is preferred for catalytic activity as opposed 
to the presence of bulky tert-butyl groups. The negatively charged tetrazolyl moiety may 
function as a proton responsive group in the presence of hydrogen due to rearrangement of 
double bonds in the tetrazolyl ring resulting in the coordinating nitrogen atom that 
coordinates to iridium being either negatively charged or neutral in the various stages of the 
catalytic cycle. As such, upon dissociation of the chloride ligand in 3.7 (where coordinating 
tetrazolyl nitrogen is negatively charged), subsequent heterolytic cleavage of hydrogen 
results in the formation of an iridium hydride species with the second atom of hydrogen 
adding onto the tetrazolyl ring (resulting in coordinating tetrazolyl nitrogen being neutral). 
This versatility in changing the charge of the coordinating tetrazolyl nitrogen for tetrazole to 
serve as a proton responsive moiety may be responsible in the observed higher catalytic 
activity in 3.7 as opposed to increased electron-donation afforded by the presence of a tert-
butyl group in 3.6. In attempts to confirm whether formate observed is formed directly from 
CO2 hydrogenation or indirectly (by the conversion of carbonate salts to CO2 and/or HCO3
-
 
prior to hydrogenation) by these complexes, K2CO3 was hydrogenated in water using 3.5 at 
160 
o
C under 33 bar of H2. However, the poor conversion obtained (4 %, Table 1 entry 18) 
indicates the actual species undergoing hydrogenation is CO2 instead of carbonate or 
bicarbonate salts that might form in situ in the presence of hydrogen.   
In the case of the ruthenium(II) precatalysts, converting the hydroxyl group in 3.10 to a 
methoxy group resulting in 3.11, catalytic activity only dropped slightly from 1.783 mmol to 
1.531 mmol. This indicates the resulting oxyanion group formed when 3.10 is in basic 
aqueous solution does not significantly assist in heterolytic cleavage of hydrogen. Thus, the 
role of the hydroxyl group may be to increase electron-donation, similar to that of the 
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methoxy group resulting in similar catalytic activity. The use of 3.12 which was deficient of 
electron donating tert-butyl group further supports the importance of electron donating 
effects of ligands for catalytic activity. As observed from comparing entries 10 and 11 in 
table 1, the absence of the tert-butyl group results in reduction of nearly half of the catalytic 
activity from producing 1.531 mmol of formate to 0.891 mmol of formate. This indicates the 
electron-donating property of the tert-butyl substituent. As has been reported in literature, 
CO2 may exist in a variety of forms in aqueous carbonate solution.
39
 Thus NaHCO3 was 
hydrogenated under identical conditions to that used in the hydrogenation of CO2 (Table 3.3, 
entry 12) using 3.10. This was carried out in attempts to identify what species preferably 
undergoes hydrogenation when CO2 is hydrogenated in the presence of aqueous carbonate 
solutions. Around 0.851 mmol of formate was produced when NaHCO3 was hydrogenated 
under these conditions nearly half of that when CO2 is present. This suggests for these classes 
of complexes, formate production is from a combination of both CO2 and bicarbonate ions 
that are formed in solution in near equal rates.  
 
3.4 Proposed mechanism for the iridium catalyzed CO2 hydrogenation 
A plausible reaction mechanism involving 3.5 as a catalyst precursor is shown in Scheme 3.4. 
When catalyst 3.5 is dissolved in water in the presence of excess base, the hydroxyl group on 
the pyridine ring is deprotonated. Similarly, under these conditions, aquation of the chloro 
ligand takes place leading to the formation of 3.8. This iridium-aqua species is expected to 
exist in equilibrium with intermediate A upon dissociation of the aqua ligand. As evidenced 
by the role of the proton responsive group during catalysis, the formation of the iridium 
hydride C will be expected to take place by an oxyanion assisted H2 heterolysis. This will 
therefore be the preferred route of H2 heterolysis as compared to water or bicarbonate assisted 
route of H2 heterolysis. In addition, formation of a bridged iridium-hydride species was not 
observed prior to the formation of C. This is in contrast to the observation of a bridged 




Scheme 3.4: Plausible reaction mechanism of proton responsive Iridium complex 3.5 for the 
CO2 hydrogenation. 
When 3.9 is treated with NaHCO3, no changes were observed in the resulting NMR 
spectrum. This supports the earlier observation that the true species undergoing 
hydrogenation was CO2 present in the reaction mixture. In attempts to identify possible 
intermediates prior to product formation, 3.9 (2.5 mg) was dissolved in 0.4 mL DMSO-d6, 
pressurized with 
13
CO2 (20 bar) and heated at 80 
o
C. Over the course of 36 h, the hydride 
peak at -11 ppm disappeared, accompanied by 0.5 ppm shifts in the pyridyl protons signals 





spectrum (Figure 3.12) (reaction of 3.9 with 
13
CO2 were carried out at low concentrations of 




H} NMR spectrum while reducing 




H} NMR peaks). These changes suggested the formation of a new 
species possibly species D. Characterization of this intermediate in situ by mass spectrometry 
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(attempts to isolate D by drying of solvent were unsuccesful) indicated a fragment of [M-
HCO2]
+ 
with m/z = 546.1841. In the last step of the reaction, the formate is expelled from 
iridium-formato D and subsequently stabilized by K
+











H} NMR spectrum of possible, iridium-formato species D 
 
3.5 Proposed mechanism for the ruthenium catalyzed CO2 hydrogenation 
A plausible CO2 hydrogenation reaction mechanism using 3.10 as a catalyst precursor is 
demonstrated in Scheme 3.5. The first step of the catalytic cycle involves the dissociation of 
the chloro ligand in 3.10 and subsequent formation of the ruthenium-aqua species 3.13 when 
3.10 is dissolved in a basic aqueous solution. This ruthenium-aqua species is expected to exist 
in equilibrium with intermediate E upon dissociation of the aqua ligand. As evidenced from 
observed catalytic activity, pendant base OH group as well as a water or bicarbonate assisted 
H2 cleavage leads to the generation of the ruthenium-hydride species F with the oxyanion 
heterolytic H2 cleavage being slightly preferred. In addition, no bridged ruthenium-hydride 
species was observed prior to the formation of the catalytically active ruthenium hydride 




Scheme 3.5: Plausible reaction mechanism of proton responsive ruthenium precatalyst 3.10 
for CO2 hydrogenation. 
Addition of a bicarbonate ion to the ruthenium hydride species F results in the possible 
formation of species G. This species was briefly observed in a 
1
H NMR spectrum of the 
reaction between 3.14 and excess NaHCO3. After reacting 3.14 with excess NaHCO3 for 24 
h, the hydride signal at -6 ppm disappeared within 2 h while a new peak appeared around -12 
ppm (possibly G) before subsequently disappearing over the course of the reaction (Figure 
3.13). This suggests species G is not very stable and spontaneously loses a water molecule, 
with the hydride transferred from the ruthenium center to the carbon atom and subsequent 
delocalization of charge in order to drive the reaction towards formation of H. However as 
observed from catalytic results, direct insertion of CO2 into the metal hydride bond is also 
possible leading directly towards H. In the last step of the reaction, the formate ion is 






H NMR of possible ruthenium-bicarbonate species G 
3.6 Conclusion. 
Proton responsive tetrazolyl iridium and ruthenium complexes with either OH or NH groups 
were prepared from the accidental deprotection of a methoxy-substituted or alkylation of 
tetrazolyl ligand.  The iridium complexes were evaluated as CO2 hydrogenation precatalysts 
for which impressive catalytic activity with TONS around 3000 and base conversion of 61% 
were attained which are comparable with other active systems reported in literature.
17
 The 
role of proton-responsive OH and NH groups on these iridium precatalysts were investigated 
for CO2 hydrogenation which demonstrated that OH groups were more suitable for proton 
assisted heterolytic cleavage of H2. In addition, the role of electron-donating tert-butyl in 
enhancing catalytic CO2 hydrogenation is demonstrated. Formation of the catalytically active 
iridium hydride species was preferably obtained by the proton assisted route in contrast to the 
water, bicarbonate or the iridium-bridged hydride route. The actual species being 
hydrogenated was observed to be CO2 for which a plausible iridium-formato intermediate 
species was identified.  
In the case of the ruthenium tetrazolyl complexes with proton responsive OH and NH groups, 
five tetrazole-containing ruthenium(II) precatalysts with and without proton responsive OH 
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and NH groups were synthesized and characterized. These ruthenium precatalysts exhibited 
moderate catalytic activity for CO2 hydrogenation in which TONs around 1800 were 
obtained. For these classes of precatalysts, the role of proton-responsive OH and NH groups 
on these ruthenium precatalysts were not significant for CO2 hydrogenation. These proton 
responsive groups most likely affected the electronic properties of the precatalysts instead of 
assisting in the heterolytic cleavage of H2. Furthermore, the increased electron-donating 
properties and steric bulk afforded of tert-butyl groups resulted in enhanced catalytic activity 
for CO2 hydrogenation. In addition to hydrogenating CO2, these classes of catalysts also 
hydrogenate bicarbonate ions with a possible ruthenium-coordinated bicarbonate species 
being observed in situ.  
3.7 Experimental 
All reactions were carried out in air unless otherwise stated. All solvents used were reagent 
grade, purchased from Sigma Aldrich and dried under nitrogen before use. 6-
methoxypicolinonitrile, sodium azide, triethylamine hydrochloride, tert-butanol and 65 % 
perchloric acid were purchased from Sigma Aldrich and used without further purification. 
Iridium(III) chloride was purchased from Heraeus South Africa and used as received. 
[Ir(C5Me5)Cl2]2
40
 was synthesized according to literature procedures. NMR spectra were 
recorded on Bruker 400 MHz NMR spectrometer (
1








H} NMR 161.99 MHz. Spectrometer chemical shifts were reported relative to the 
internal standard tetramethylsilane (δ 0.00 ppm) and referenced to the residual proton and 
carbon signals at 7.24 and 77.0 ppm respectively of CDCl3. Infrared spectra were obtained 
neat using a Perkin Elmer Spectrum BX II fitted with an ATR probe. Melting points were 
obtained using a Gallenkamp Digital Melting-point Apparatus 5A 6797. Elemental analysis 
was performed on a Thermos Scientific FLASH 2000 CHNS-O Analyzer. Mass spectrometry 
was performed using Waters Synapt G2 mass spectrometer with both ESI positive and Cone 








3.7.1 5-(6-methoxypyridin-2-yl)tetrazol-2-ide sodium(I) (3.1) 
 
Into a round bottom flask containing 10 mL toluene, 500 mg (3.70 mmol) of 6-
methoxypicolinonitrile, 315 mg (4.85 mmol) of NaN3 and 1.54 g (11.2 mmol) of Et3N.HCl 
was added and the mixture stirred at 140 
o
C for 56 h. After completion of the reaction, the 
solvent was removed by rotary evaporation to yield the crude product. To the crude product 
was added 50 mL of DCM and the mixture filtered. The filtrate was died by rotary 
evaporation to yield a white product. To this crude product, 50 mL of diethyl was added and 
the mixture filtered. The resulting filtrate was similarly dried by rotary evaporation and the 
product obtained washed with 20 mL of toluene. Appearance: white solid (Yield = 60 mg, 8 
%). Solubility: DMSO; 
1
H NMR (400 MHz, DMSO-d6, 30 
o
C) (ppm): 7.99 (d, 
3
J = 7.6 Hz, 
1H, Harom), 7.82 (t, 
3
J = 8.4 Hz, 1H, Harom), 6.97  (d, 
3





H} NMR (100.6 MHz, DMSO-d6): 171.12; 163.27; 150.11; 140.14; 116.11; 
114.38; 53.91; HR-ESI-MS [M]
-
 = 176.0558;  Elemental analysis; Anal. calcd. for 
C7H6N5ONa: C, 42.22%; H, 3.04%; N, 35.17%, Found C, 42.00%; H, 3.30%; N, 33.14% 
3.7.2 Methoxy-6-(2H-tetrazol-5-yl)pyridine (3.2) 
 
Into a round bottom flask containing 10 mL toluene, 500 mg (3.70 mmol) of 6-
methoxypicolinonitrile, 315 mg (4.85 mmol) of NaN3 and 1.54 g (11.2 mmol) of Et3N.HCl 
was added and the mixture stirred at 120 
o
C for 30 h. After cooling the reaction mixture to 
room temperature, 10 mL of 36 % HCl was added slowly to form a biphasic mixture. The 
solvents in the biphasic mixture were then removed on a rotary evapourator under vacuum at 
100 
o
C for 6 h to yield an orange gel. Addition of 20 mL distilled water to this gel resulted in 
the precipitation of a white solid. The solid was then filtered and the residue washed with 20 
mL water. The solid residue was then oven dried for 20 min at 110 
o
C to yield the product. 
Appearance: white solid (Yield = 370 mg, 61 %). Solubility: DMSO; 
1
H NMR (400 MHz, 
DMSO-d6, 30 
o
C) (ppm): 7.86 (t, 
3
J = 8 Hz, 1H, Harom), 7.56  (d, 
3
J = 6.8 Hz, 1H, Harom), 6.85  
(d, 
3




H} NMR (100.6 MHz, DMSO-d6): 164.22; 159.53; 144.34; 
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141.71; 111.58; 111.38; HR-ESI-MS [M+H]
+
 = 164.0571;  Elemental analysis; Anal. calcd. 
for C6H5N5O: C, 44.17%; H, 3.09 %; N, 42.93%, Found C, 44.00%; H, 3.30%; N, 43.14% 
3.7.3 Synthesis of 6-(2-(tert-butyl)-2H-tetrazol-5-yl)pyridin-2-ol (3.3) 
 
Into a round bottom flask, tert-butanol 27 µl (0.28 mmol) was added to a suspension of 50 
mg methoxy-6-(2H-tetrazol-5-yl)pyridine (3.2) (0.28 mmol) in 0.10 mL of 65% perchloric 
acid slowly while stirring. The mixture was then stirred for 2 h at room temperature after 
which 0.3 mL of 10 M NaOH was added. 1 mL DCM was then added to the mixture and 
stirred for 5 min. The mixture was then filtered and the filtrate oven dried at 60 
o
C for 1 h to 
yield 3.3. Appearance: white solid (Yield = 51 mg, 82%). Solubility: Soluble in THF, DCM, 
DMSO; 
1
H NMR (400 MHz, DMSO-d6, 30 
o
C) (ppm): 7.77 (t, 
3
J = 8 Hz, 1H, Harom), 7.40  
(d, 
3
J = 8 Hz, 1H, Harom), 6.71  (d, 
3







(100.6 MHz, DMSO-d6): 163.84; 159.83; 141.74; 141.10; 112.08; 111.78; 64.92; 29.26 HR-
ESI-MS [M+H]
+
 = 220.1196; Elemental analysis; Anal. calcd. for C10H13N5O: C, 54.78%; H, 
5.98%; N, 31.94%, Found C, 54.98%; H, 6.00%; N, 31.77%. 
3.7.4 Synthesis of 2-(2-(tert-butyl)-2H-tetrazol-5-yl)-6-methoxypyridine (3.4) 
 
Into a round bottom flask, tert-butanol 9.53 µL (0.10 mmol) was added to a suspension of 20 
mg 5-(6-methoxypyridin-2-yl)tetrazol-2-ide sodium(I) (3.1) (0.10 mmol) in 0.10 mL of 65 % 
perchloric acid slowly while stirring. The mixture was then stirred for 2 h at room 
temperature after which NaHCO3 was added till effervescence ceased. 1 mL DCM was added 
to the mixture and stirred for 5 min. The mixture was filtered and the filtrate oven dried at 60 
o
C for 1 h to yield 3.4. Appearance: white solid (Yield = 19 mg, 81%). Solubility: Soluble in, 
DCM, CHCl3, DMSO; 
1
H NMR (400 MHz, DMSO-d6, 30 
o
C) (ppm): 7.79 (d, 
3
J = 7.2 Hz, 
1H, Harom), 7.70 (t, 
3
J = 5.2 Hz, 1H, Harom), 6.82 (d, 
3
J = 6 Hz, 1H, Harom), 4.06 (s, 3H, HOMe), 






H} NMR (100.6 MHz, DMSO-d6): 163.77; 161.27; 152.18; 139.22; 
1165.70; 112.18; 73.12; 53.66; 29.46 HR-ESI-MS [M+H]
+
 = 234.1359; Elemental analysis; 
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Anal. calcd. for C11H15N5O: C, 56.64%; H, 6.48%; N, 30.02%, Found C, 54.98%; H, 6.00%; 
N, 31.77%. 
3.7.5 General synthesis of Chloro substituted iridium complexes 3.5-3.7 
Into a Schlenk tube containing 5 mL DCM, 2 eq of the appropriate ligand and 1 eq of 
[Ir(C5Me5)Cl2]2 was added. The reaction mixture was then stirred for 24 h at room 
temperature. After the reaction time had elapsed, the solvent was reduced in vacuo to yield 
the product.  
 
(3.5) Appearance yellow solid, Solubility: soluble in DCM, CHCl3, water ; 
1
H NMR (400 
MHz, CDCl3, 30 
o
C) (ppm): 7.90 (t, 
3
J = 7.6 Hz, 1H, Harom), 7.77  (d, 
3
J = 4 Hz, 1H, Harom), 
7.62  (d, 
3
J = 8.4 Hz, 1H, Harom), 1.91  (s, 9H, H
t







(100.6 MHz, CDCl3): 166.74; 164.58; 141.91; 140.09; 116.73; 115.53; 89.89; 69.03; 29.68; 
9.72: HR-ESI-MS [M]
+
 = 582.1602 Elemental analysis; Anal. calcd. for C20H28Cl2IrN5O: C, 
38.90%; H, 4.57%; N, 11.34%, Found C, 38.78%; H, 5.00%; N, 11.57%. 
   




H NMR (400 MHz, 
CDCl3, 30 
o
C) (ppm): 8.33 (t, 
3
J = 7.6 Hz, 1H, Harom), 7.93 (d, 
3
J = 6.8 Hz, 1H, Harom), 7.66  
(d, 
3
J = 8.0 Hz, 1H, Harom), 4.28  (s, 3H, HOMe), 1.87  (s, 9H, H
t






H} NMR (100.6 MHz, CDCl3): 166.38; 164.54; 144.80; 140.94; 117.13; 113.03; 89.81; 
59.10; 29.67; 29.31; 9.77: HR-ESI-MS [M]
+
 = 596.1759 Elemental analysis; Anal. calcd. for 
C21H30Cl2IrN5O: C, 39.93%; H, 4.79%; N, 11.09%, Found C, 39.78%; H, 5.00%; N, 11.37%. 
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(3.7) Appearance yellow solid. Solubility: soluble in DCM, CHCl3: 
1
H NMR (400 MHz, 
CDCl3, 30 
o
C) (ppm): 8.50 (t, 
3
J = 7.8 Hz, 1H, Harom), 8.06 (d, 
3
J = 7 Hz, 1H, Harom), 7.12  (d, 
3






H} NMR (100.6 
MHz, CDCl3): 165.31; 164.24; 144.00; 141.84; 117.23; 114.03; 88.65; 53.91; 9.63 ;HR-ESI-
MS [M-Cl]
+
 = 504.1379; Elemental analysis; Anal. calcd. for C17H21ClIrN5O: C, 37.88%; H, 
3.93%; N, 12.99%, Found C, 38.18%; H, 4.00%; N, 12.57%. 





Into a Schlenk tube containing 5 mL of water, 1 eq of 3.5 was added and stirred for 10 min 
followed by the addition of 1.1 eq of Ag2SO4. The reaction mixture was then stirred for 16 h 
at 40 
o
C. After the reaction time had elapsed, the reaction mixture was filtered and the filtrate 
dried in an oven at 80 
o
C for 3 h to yield the product.  
 
(3.8) Appearance yellow solid. Solubility: soluble in CHCl3, water: 
1
H NMR (400 MHz, 
D2O, 30 
o
C) (ppm): 8.01 (t, 
3
J = 4 Hz, 1H, Harom), 7.78  (d, 
3
J = 8 Hz, 1H, Harom), 7.22  (d, 
3
J 
= 8 Hz, 1H, Harom), 1.84  (s, 9H, H
t






H} NMR (100.6 MHz, 
CDCl3): 166.44; 164.98; 142.11; 140.09; 117.72; 115.93; 89.69; 70.03; 29.98; 9.92: HR-ESI-
MS [M]
+
 = 564.1954; Elemental analysis; Anal. calcd. for C20H30IrN5O6S: C, 36.35%; H, 
4.58%; N, 10.60%, Found C, 36.58%; H, 5.20%; N, 10.57%. 
3.7.8 Synthesis of hydrido substituted iridium complex 3.9, [IrCp
*
H(3)]PF6  
Into a Schlenk tube containing 5 mL of water, 1 eq of 3.8 was added and stirred for 10 min. 
This was followed by the addition of 400 eq of HCOONa. The reaction mixture was then 
stirred for 30 minutes at 70 
o
C for 30 min. KPF6 1 eq was then added to the reaction mixture 
and stirred for 30 minutes at room temperature. At the end of the reaction, the reaction 
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mixture was filtered and the residue dried in an oven at 80
 o
C for 20 min to yield the desired 
product.  
 
(3.9) Appearance yellow solid. Solubility: soluble in DMSO: 
1
H NMR (400 MHz, DMSO-
d6, 30 
o
C) (ppm): 7.17 (t, 
3
J = 8 Hz, 1H, Harom), 6.75  (d, 
3
J = 8 Hz, 1H, Harom), 6.08  (d, 
3
J = 
8 Hz, 1H, Harom), 1.90(s, 15H, HCp
*
),   1.77 (s, 9H, H
t





(100.6 MHz, CDCl3): 166.74; 164.88; 142.00; 140.21; 118.71; 115.61; 89.77; 70.03; 29.99; 
9.99: HR-ESI-MS [M]
+
 = 546.1996; Elemental analysis; Anal. calcd. for C20H29F6IrN5OP: C, 
34.68%; H, 4.22%; N, 10.11%, Found C, 34.78%; H, 4.50%; N, 10.57%. 
3.7.9 General synthesis of Chloro substituted ruthenium complexes 3.10-3.12. 
Into a Schlenk tube containing 5 mL DCM, 2 eq of the appropriate ligand and 1 eq of [Ru(p-
Cymene)Cl2]2 was added. The reaction mixture was then stirred for 24 h at room temperature. 
After the reaction time had elapsed, the solvent was reduced in vacuo to yield the product.  
   
(3.10). Appearance reddish yellow solid. Solubility: soluble in DCM, CHCl3, water; 
1
H NMR 
(400 MHz, CDCl3, 30 
o
C) (ppm) = 12.04 (s, 1H, OH).  7.87 (t, 
3
J = 8 Hz, 1H, Harom), 7.66 (d, 
3
J = 4 Hz 1H, Harom), 7.51 (d, 
3
J =8 Hz, 1H, Harom), 6.16  (d, 
3
J = 8 Hz, 1H, Harom pcym), 6.05  
(d, 
3
J = 4 Hz, 1H, Harom pcym), 5.95  (d, 
3
J = 4 Hz, 1H, Harom pcym), 5.84  (d, 
3
J = 4 Hz, 1H, 
Harom pcym), 2.95  (m, 1H, HCH), 2.31  (s, 3H, HCH3), 1.90  (s, 9H, HtBu), 1.30 (m, 3H, HCHCH3), 




H} NMR (100.6 MHz, CDCl3): 167.04; 165.58; 145.31; 
140.00;133.11; 129.31; 126.20; 117.03; 115.93; 86.89; 85.35 ; 82.51; 81.21; 33.03; 29.68; 
29.30; 21.20; 9.80; HR-ESI-MS [M]
+
 = 490.0948; Elemental analysis; Anal. calcd. for 





   
(3.11) Appearance reddish yellow solid. Solubility: soluble in DCM, CHCl3, water; 
1
H NMR 
(400 MHz, CDCl3, 30 
o
C) (ppm) =  8.10 (t, 
3
J = 7.8 Hz, 1H, Harom), 7.75 (d, 
3
J = 6 Hz 1H, 
Harom), 7.37 (d, 
3
J =8 Hz, 1H, Harom), 6.20  (d, 
3
J = 8 Hz, 1H, Harom pcym), 6.06  (d, 
3
J = 4 Hz, 
1H, Harom pcym), 6.01 (m, 2H, Harom pcym), 4.37  (s, 1H, HOCH3), 2.83  (m, 1H, HCH), 2.15  (s, 





(100.6 MHz, CDCl3): 165.24; 165.08; 146.31; 141.30; 140.28;132.12; 129.32; 127.10; 
117.35; 115.99; 86.11; 84.71; 33.43; 29.64; 29.35; 21.50; 9.90; HR-ESI-MS [M]
+
 = 
504.1103; Elemental analysis; Anal. calcd. for C20H27Cl2RuN5O: C, 45.72%; H, 5.18%; N, 
13.33%, Found C, 45.78%; H, 5.30%; N, 13.41%. 
 
   
(3.12)Appearance reddish yellow solid. Solubility: soluble in DCM, CHCl3, water; 
1
H NMR 
(400 MHz, CDCl3, 30 
o
C) (ppm) =  8.28 .(t, 
3
J = 8 Hz, 1H, Harom), 8.01 (d, 
3
J = 6 Hz 1H, 
Harom), 7.05 (d, 
3
J =8 Hz, 1H, Harom), 6.03  (d, 
3
J = 8 Hz, 1H, Harom pcym), 5.83  (d, 
3
J = 4 Hz, 
1H, Harom pcym), 5.75  (d, 
3
J = 4 Hz, 1H, Harom pcym), 5.68  (d, 
3
J = 4 Hz, 1H, Harom pcym), 4.24  





H} NMR (100.6 MHz, CDCl3): 142.91; 135.00; 133.27;129.31; 117.58; 
108.01; 104.83; 85.60; 83.75; 82.21; 81.09; 57.70; 31.02; 21.76; 19.07; HR-ESI-MS [M]
+
 = 
447.0477; Elemental analysis; Anal. calcd. for C17H20ClRuN5O: C, 45.69%; H, 4.51%; N, 




3.7.10 Synthesis of aqua substituted complex 3.13, [RupCym OH2(3)] SO4
2-
. 
Into a Schlenk tube containing 5 mL of water, 1 eq of 3.10 was added and stirred for 10 min 
followed by the addition of 1.1 eq of Ag2SO4. The reaction mixture was then stirred for 16 h 
at 40 
o
C. After the reaction time had elapsed, the reaction mixture was filtered and the filtrate 
dried in an oven at 80 
o
C for 3 h to yield the product.  
 
   
(3.13) Appearance reddish yellow solid. Solubility: soluble in CHCl3, water; 
1
H NMR (400 
MHz, D2O, 30 
o
C) (ppm) = 7.94 (t, 
3
J = 8 Hz, 1H, Harom), 7.65 (d, 
3
J = 4 Hz 1H, Harom), 7.19 
(d, 
3
J =4 Hz, 1H, Harom), 6.33  (d, 
3
J = 8 Hz, 1H, Harom pcym), 6.28  (d, 
3
J = 4 Hz, 1H, Harom 
pcym), 6.06  (d, 
3
J = 4 Hz, 1H, Harom pcym), 6.03  (d, 
3
J = 4 Hz, 1H, Harom pcym), 2.49  (m, 1H, 
HCH), 2.10  (s, 3H, HCH3), 1.80 (s, 9H, H
t




H} NMR (100.6 
MHz, DMSO): 167.14; 145.30; 143.12; 140.40;  130.91; 126.20; 118.13; 85.88; 84.65 ; 
82.21; 81.00; 30.57; 29.68; 17.87; 9.80; HR-ESI-MS [M-H2O]
+
 = 454.1184; Elemental 
analysis; Anal. calcd. for C20H29RuN5O6S: C, 42.25%; H, 5.14%; N, 12.32%, Found C, 
42.58%; H, 5.30%; N, 12.11%. 
3.7.11 Synthesis of hydrido substituted complex 3.14, [RupCym(H)(3)]PF6. 
Into a Schlenk tube containing 5 mL of water, 1 eq of 3.13 was added and stirred for 10 min. 
This was followed by the addition of 400 eq of HCOONa. The reaction mixture was then 
stirred for 30 min at 70 
o
C for 30 min. KPF6 1 eq was then added to the reaction mixture and 
stirred for 30 min at room temperature. After the reaction time had elapsed, the reaction 
mixture was filtered and the residue dried in an oven at 80
 o





(14) Appearance reddish yellow solid. Solubility: soluble in DMSO; 
1
H NMR (400 MHz, 
DMSO-d6, 30 
o
C) (ppm) =  7.16 (t, 
3
J = 8 Hz, 1H, Harom), 7.08 (d, 
3
J = 4 Hz 1H, Harom), 6.75 
(d, 
3
J =8 Hz, 1H, Harom), 6.09  (d, 
3
J = 8 Hz, 1H, Harom pcym), 5.74  (d, 
3
J = 4 Hz, 1H, Harom 
pcym), 5.68  (d, 
3
J = 4 Hz, 1H, Harom pcym), 5.42  (d, 
3
J = 4 Hz, 1H, Harom pcym), 2.97  (m, 1H, 
HCH), 2.35  (s, 1H, HCH3), 1.96  (s, 9H, HtBu), 1.31 (d, 
3
J = 8.0 Hz, 3H, HCH3), 1.18 (d, 
3
J = 7.8 




H} NMR (100.6 MHz, DMSO): 168.01; 145.22; 
143.10; 140.41;  131.21; 125.44; 118.03; 85.99; 84.61; 82.20; 81.07; 30.77; 30.22; 17.87; 
9.10; HR-ESI-MS [M]
+
 = 456.1187; Elemental analysis; Anal. calcd. for C20H28F6RuN5OP: 
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Bimetallic and chiral-at-metal iridium and palladium tetrazole complexes for CO2 
hydrogenation 
 
A portion of this chapter has been published and is available with the following reference:  
Ocansey, E., Darkwa, J., and Makhubela, B. (2020). Chiral-at-metal: Iridium(III) tetrazole 




The utilization of fossil fuels, coal and natural gas as a source of energy in recent times has 
contributed towards human development.
1
 However, this dependence on fossil fuels has 
contributed towards the gradual buildup of greenhouse gases such as CO2 in the atmosphere. 
This buildup of greenhouse gases contributes towards the greenhouse effect resulting in 
gradual increase in global temperatures as well as climate change.
1,2
 In converting waste to 
value, CO2 serves as an attractive C1 building block for making various compounds as a 
result of it being an economical, safe, and renewable carbon source.
3
 Since CO2 is a 
thermodynamically stable compound, valorization requires electroreduction or its reaction 
with high energy substrates.
4
 
Various homogeneous and heterogeneous catalytic systems have been reported for the 
hydrogenation of CO2 to yield a variety of products.  However one of the most impressive 
approaches was the introduction of the trihydridoiridium PNP pincer complex by Nozaki and 
co-workers in a iridium homogeneously-catalyzed hydrogenation of CO2 demonstrating 
remarkable catalytic activity.
5
 Despite the impressive catalytic activity with TONs as high as 
3500000 yielding formate, this catalytic system required the use of a strong base in order to 
achieve high catalytic activity for the hydrogenation of carbon dioxide. However, the use of 
strong base during the catalytic process will require the addition of strong acid in order to 
isolate formic acid. This process generates along with the desired formic acid other unwanted 
inorganic salts.
6
 Therefore the development of highly catalytic active systems for the 
hydrogenation of carbon dioxide using organic/less volatile bases are desirable.  
Iridium half-sandwich complexes have been shown to demonstrate impressive catalytic for 
both the CO2 hydrogenation reaction and formic acid dehydrogenation.
7–12
 Himeda and co-
workers demonstrated the electron-donating ability of the N,N’-bidentate ligands present on 
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iridium half-sandwich complexes enhances the catalytic activity of the complexes for the CO2 
hydrogenation reaction through electronic effects.
11
 More recently in 2017, Himeda and co-
workers synthesized iridium(III) cyclopentadienyl complexes consisting of pyridyl-diazole 
ligands for the CO2 hydrogenation reaction. These classes of ligands were chosen in order to 
introduce electron donating functional groups (in this case hydroxyl groups) on the ligand as 
well as the inclusion of electron rich diazole ring in the resulting complex. The presence of 
the hydroxyl groups have been shown to deprotonate under basic conditions resulting in the 
formation of strongly electron donating oxyanion groups. This oxyanion group in addition to 
others such as NH
-
 (although less active)
13
 have been shown to contribute towards 
dihydrogen activation and cleavage through second sphere coordination effects leading to the 
formation of the catalytically active Iridium hydride specie during the CO2 hydrogenation 
reaction.
14–16
 In addition computational studies confirmed the participation of these proton 
responsive groups in the catalytic cycle especially towards the formation of the 
experimentally observed Iridium hydride species.
17
 This therefore indicates the choice of 
ligand plays a vital role in the catalytic activity of the resulting complexes. Tetrazole 
containing ligands possess immense potential for CO2 hydrogenation, however they have 
relatively been un-utilized for CO2 hydrogenation. Despite desirable properties for CO2 such 
as being electron-rich, possession of possible proton responsive NH groups and affinity for 
CO2,tetrazole containing compounds have mostly been utilized in the synthesis of MOF for 
CO2 capture or CO2 assisted cycloaddition reactions.
18–22
 Such focus on the CO2 adsorption 
properties of tetrazoles can be attributed to electrostatic interactions or hydrogen bonding 




Some prominent examples of optically active complexes are half-sandwich piano stool chiral-
at-metal complexes where the configuration at the metal center may be stable or labile in 
solution. These compounds permit the monitoring of the stereochemical course of 
substitution reactions as well as being used in organic synthesis in ligand transformation 
reactions as a result of their chirality.
23
 In addition, the production of optically pure 
compounds which have varied uses in the pharmaceuticals, agrochemicals and flavor industry 
are permitted as a result of various  chiral-at-metal catalyzed industrial processes.
24
 Currently, 
the growing demand for these optically active compounds in the chemical and pharmaceutical 
industries has fueled research on asymmetric catalysis.
25
 Chiral-at-metal complexes have 





 trichloromethylation of 2-acyl imidazoles and 2-acyl 
pyridines.
26
 In addition these classes of complexes have been used as effective hydrogenation 
catalysts in the hydrogenation of acyclic aromatic N-aryl imines,
27





 Similarly, they have proven to be effective in 




 with high 
enantioselectivities and at low catalyst loadings. Despite the impressive array of 
hydrogenation reactions these complexes are capable of, they have rarely been evaluated as 
catalysts for CO2 hydrogenation. Knowing the potential of iridium and palladium complexes 
for hydrogenation, the role of proton responsive groups on hydrogenation catalysts, the 
electron-rich nature and CO2 affinity of tetrazole compounds led to the present study in 
search of highly active CO2 hydrogenation catalysts. This chapter discusses inroads made in 
the use of novel class of P-OH proton responsive iridium and palladium complexes for CO2 
hydrogenation.  
 
4.2 Results and discussions 
4.2.1 Synthesis and characterization of tetrazole-based ligands 4.1-4.5 
Synthesis of the tetrazole containing ligands 4.1-4.5 (Scheme 4.1), was achieved by first 
reacting 1-Phenyl-1H-tetrazole-5-thiol with a slight excess of NaOMe in order to deprotonate 
the hydrogen present in the thiol functional group. All the compounds were isolated in 
excellent yields as colourless oil for 4.1-4.3, and as whitish solids for 4.4 and 4.5 that are air 
and moisture sensitive The ligands were obtained in excellent yields as colourless or 
yellowish oils for 4.1-4.3 and as whitish solids for 4.4 and 4.5 and are air and moisture 
sensitive. In addition, they are soluble in most organic solvents (such as chloroform and 
DCM), and have been characterized by NMR spectroscopy.  
 





H} NMR spectra of P-S tetrazolyl ligands 4.1-4.5 
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H} NMR spectroscopy thereof indicated an upfield shift of the 
phosphorus peak from around 165 ppm, 120 ppm and 85 ppm, for diethylchlorophosphite, 
chlorodiethylphosphine and chlorodiphenylphoshphine respectively to 8 ppm, 38 ppm and 18 













H} NMR of 
(air) oxidized phosphorus analogue compounds of 4.1 (-1.4 ppm), 4.2 (57 ppm) and 4.3 (31 
ppm). 




H} NMR characterization indicated only slight shifts of 








H} NMR peaks were 
















H} NMR spectra of P-S tetrazolyl ligands 4.1-4.5 
Generally, upon formation of the respective P-S tetrazolyl ligands there were only marginal 
shifts in the signals observed in the 
1
H NMR spectrum as compared to 
1
H NMR signals 
present in the starting materials. 
1
H NMR spectroscopy showed signals corresponding to the 
aromatic groups between 7 and 8 ppm. These aromatic signals generally resolve to clearly 






H NMR Spectroscopy of P-S tetrazolyl ligand 4.5 
 




H} NMR spectroscopy of these ligands for which only 












H} NMR spectroscopy of P-S tetrazolyl ligand 4.4 
 
4.2.4 Mass spectra and elemental analysis of tetrazolyl ligands 4.1-4.5  
Further confirmation of the synthesis of 4.1-4.5 were provided by mass spectrometry where 
generally peaks corresponding to fragmentation of the P-S bond were observed. For example 
in the case of 4.3 and 4.4, peaks with m/z [M-PPh2]
-
 = 177.0222 and [M-Ph(C2H6)]
+
 = 
314.9029 were observed for 4.3 and 4.4 (Table 4.1) respectively. Figure 4.3, mass spectrum 




Figure 4.3: Mass spectrum of 4.3 
Table 4.1: High Resolution mass spectrometry results for 4.1-4.5 
Compound Calculated molar mass (g/mol)  Molecular fragment (m/z) Assignment 
4.1 298.07 177.0218 [M-PPh2]
-
 
4.2 266.30 267.0888 [M+H]
+
 
4.3 362.39 177.0222 [M-PPh2]
-
 
4.4 418.14 314.9029 [M-PhC2H6]
+
 




4.2.5 Synthesis and characterization of monometallic tetrazolyl complexes  
Reacting ligand 4.3 in a 2:1 ratio with [Ir(C5Me5)Cl2]2 yielded interesting new complexes 
which contain portions of the original compounds used to ligate (C5Me5)Ir fragment, thus 
suggesting that the original compounds expected to be the ligand in a product had 
hydrolysed. However, such hydrolysis was not observed in the case of the reaction between 
4.3 and PdCl2(MeCN)2 as indicated by NMR spectroscopy. By characterizing the products of 
these reactions using 
1
H NMR spectroscopy, complex 4.7 was observed to be present with 
4.8 being detected as a side product as a result of P-S heterolysis (Scheme 4.2). Interestingly when 
4.5 is reacted with [Ir(C5Me5)Cl2]2, only 4.9 was formed. Compound 4.7 is soluble in 
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methanol while compounds 4.8 is insoluble in methanol. Therefore, carrying out the 
complexation reaction in methanol provides an easy route to separate the different iridium 
complexes that are formed. These complexes were obtained in excellent yields as yellowish 
solids which are soluble in organic solvents such as DCM and chloroform. 
 





H} NMR spectra of P-S tetrazolyl complexes 4.6-4.9 
To confirm that the products from the reactions of 4.3-4.5 with [Ir(C5Me5)Cl2]2 are the results 
of hydrolysis via adventitious water of the P-S bonds present in the ligands; the progress of 









H} NMR studies (Figure 4.4), compound 4.7 forms 
first with chemical shift at 77 ppm within an hour when 4.3 reacts with [Ir(C5Me5)Cl2]2 . 
Extending the reaction time to 4 h results in the complete complexation of ligand 4.3 with 
[Ir(C5Me5)Cl2]2. However this prolonged reaction time results in an increase in the formation 
of the by-product 4.8. Extending the reaction time to 24 h also increased the amount of 4.8 












H} NMR monitoring of the reaction between 4.3 and 
[Ir(C5Me5)Cl2]2.  
Complex 4.7 was possibly obtained upon coordination of the phosphorus atom in the ligand 
to the iridium precursor upon a water assisted heterolysis of the P-S bonds present in the 




H} NMR techniques in 

















H} NMR spectrum monitoring the reaction between 4.3 and [Ir(C5Me5)Cl2]2 
in the presence of D2O..   





H} NMR studies in the presence of D2O (Figure 4.5). This indicates water is 
required predominantly in the hetereolysis of the P-S bond leading to the formation of 4.7. 
Reaction of 4.7 with the S atom of in situ 1-phenyl-1H-tetrazole-5-thiol moiety results in the 
formation of 4.8. This reaction route was also confirmed by the reaction of isolated 4.7 with 
phenyl-1H-tetrazole-5-thiol which led to the formation of 4.8 in less than 5 min. Changing 
the metal precursor from [Ir(C5Me5)Cl2]2 to [Ir(C5Me5)(H2O)3]SO4 in the reaction with 4.3 
resulted in probable aquated versions for 4.7 and 4.8 where the chloride ligands are replaced 




H} NMR peaks around 77 ppm (for aquated-4.7) and 57 
ppm (for aquated-4.8).  
In order to confirm what effects substituents on the phenyl groups bonded to the phosphorus 
atom have on coordination mode for the monodentate iridium(III) complexes, two new 
ligands with electron-donating groups (4.4) and electron-withdrawing (4.5) on the phenyl 
groups were reacted with [Ir(C5Me5)Cl2]2 (Scheme 4.2) and the progress of the reactions was 




H} NMR spectroscopy. As observed for the reaction between 4.5 
130 
 
and [Ir(C5Me5)Cl2]2,  (Figure 4.6), there is the formation of a new iridium phosphorus species 
most likely 4.7b around 65 ppm that is rapidly converted in less than 2 h to the corresponding 
complex 9 (55 ppm). However in the case of the reaction of ligand 4.4 with [Ir(C5Me5)Cl2]2, 
even after heating the reaction mixture at 50 
o
C for 24 h, the formation of various phosphine 




H} NMR spectroscopy. A phosphorus peak at 77 ppm 
was assigned to 4.7a, the peak at 58 ppm was assigned to 4.9a, but the peak at 33.8 ppm 
remains unidentified. We were, however, unable to separate the complexes in the reaction 
mixture as they are all soluble in similar solvents. It is, nevertheless, evident that ligands 4.3-
4.5 react with [Ir(C5Me5)Cl2]2 in the following order: ligand with electron-withdrawing 
substituent > ligand with no substituent > ligand with electron-donating substituent. This 
indicates that electron-donating ability of substituents attached to the phosphorus atom play 
an important role in the heterolysis and subsequent stabilization of oxygenated iridium-
phosphorus species 4.8, 4.9 and 4.9a. 
 






The new palladium complex 4.6 (Scheme 4.2), was achieved by reacting the respective ligand 





H} NMR spectroscopy of the 4.6 indicated a downfield shift of the 





H NMR spectroscopy only showed slight shifts in the various peak 
positions. If a P-S heterolysis of the ligand were to take place during complexation, [µ-
ClPd(PPh2OH)(PPh2O)]2 would be expected to form from free phosphine oxide in solution as 
has been observed by Pryjomska and coworkers.
32
 However, the structure of 4.6, was 
corroborated by elemental analysis and a mass spectrum which showed peaks corresponding 
to M/z = [M-N2]
+
 and [M-2Cl].  
4.2.7 Synthesis of bimetallic iridium tetrazolyl complexes 
When ligand 1 was reacted with [Ir(C5Me5)Cl2]2 in a 2:1 ratio (Scheme 4.3), heterolysis of 
the P-S bond is observed. However due to the possibly smaller steric bulk of the ethoxy 
groups present on the phosphorus atom, an iridium complex of the nature of 4.8 was not 
observed. However single crystal X-ray diffraction spectroscopy indicated the formation 
4.11. Similar observations were also made when 4.2 was reacted with [Ir(C5Me5)Cl2]2 in a 
2:1 ratio indicating a P-S heterolysis during complexation. Attempts to synthesize 4.11 was 
achieved by reacting 3 eq of 1-phenyl-1H-tetrazole-5-thiol with 2 eq of [Ir(C5Me5)Cl2]2 in the 
presence of Et3N as base. This base is required to deprotonate the thiol proton in 1-phenyl-
1H-tetrazole-5-thiol prior to ligand coordination. In the absence of the base, the reaction 
proceeds but at a much slower rate leading to 4.11. 
 
Scheme 4.3: Synthesis of bimetallic complexes 
Similar to the iridium complexes reported above, a P-S bond heterolysis was observed as 
expected upon reaction of ligands 4.1 with [PdCl2(MeCN)2]. The new palladium complexes 




H} NMR spectroscopy) were 
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observed to be present in a mixture, when 4.1 was reacted in a 1:1 ratio with [PdCl2(MeCN)2] 





spectroscopy of the complexes indicated a downfield shift of the phosphorus peak from 8 
ppm (4.1) to 72 ppm for 4.10a confirming coordination of the phosphorus atom. However, 
1
H 
NMR spectroscopy only showed slight shifts in the various peak positions. As a result of the 
hetereolysis of the P-S bond in 4.1, paddle-wheel palladium complex 4.10 was formed by 
reaction of  1-phenyl-1H-tetrazole-5-thiol moiety and [PdCl2(MeCN)2] in situ whiles the 
corresponding reaction of [PdCl2(MeCN)2] with hydroxyl phosphinedialkyl moiety also 
present in solution resulted in the formation of 4.10a. Reaction of 1-phenyl-1H-tetrazole-5-
thiol with [PdCl2(MeCN)2] in a 2:1 ratio resulted in product(s) with various aromatic signals 
as observed in the 
1
H NMR spectrum. This indicated the possible formation of 4.10 with 
several other palladium species possibly obtained as result of the coordination of electron rich 
S or tetrazolyl N groups in varying fashions. Repeating this reaction in the presence of Et3N 
for S-H proton abstraction in order to facilitate the formation of 4.10 resulted in the formation 
of a red solid. 
1
H NMR characterization with shifts of about 0.2 ppm in aromatic protons 
signals upfield as compared to the ligand suggested the formation of the paddlewheel 
complex. Similarly, mass spectroscopy and elemental analysis confirmed the formation of 4.5 
for which a m/z = 566.1632 [M-2tz]. 
In the formation of the bimetallic complexes 4.0 and 4.1 from ligands 4.1 or 4.2, the ethyl and 
ethoxy substituents present on the phosphorus atom in 4.1 and 4.2 are less bulky as compared 
to aromatic groups present in 4.3-4.5. Therefore, after coordination of the phosphorus atom 
before heterolysis of the P-S bond, the phenyl groups on the phosphorus atom may behave as 
bulky electron-donating groups by conjugation in effect enhancing affinity for the iridium 
center and stabilizing the resulting complex. However, the ethyl or ethoxy substituents 
present in 4.1 and 4.2 may be less bulky and behave as electron-withdrawing groups. This, 
therefore, results in preferential phosphine displacement from the metal center by 1-Phenyl-
1H-tetrazole-5-thiol present in solution. 
In general steric effects plays a more important role as compared to electronic effects for 
these reactions as ligands with bulky aromatic substituents 4.3, 4.4 and 4.5 were able to form 
oxygenated iridium-phosphorus species 4.8 and 4.9 only while ligands with less bulky 




4.2.8 Reactions of monodentate iridium(III) complexes with Lewis acids  
Compound 4.13 (Scheme 4.4) was obtained by reacting 1eq SnCl2.2H2O with 1 eq 4.7 in 




H} NMR spectroscopy of the new complex indicated an upfield shift of 
the phosphorus peak present in 4.7 from 77 ppm to 70 ppm in 4.13. In addition, Sn-119 NMR 
(Figure 4.7) of 4.13 showed a doublet at -295 ppm as a result of the Sn-P coupling with a 
2
J(SnP) of 448.8 Hz. Similarly, compound 4.12 was obtained by reacting 1 eq SnCl2.2H2O 
with 1 eq of 4.8 in DCM for 3 h. 
 




H} NMR spectroscopy of 4.12 also indicated an upfield shift of the phosphorus peak 
present in 4.8 from 56 ppm to 52 ppm in 4.12. In addition, satellite peaks at 53 ppm and 51 
ppm where observed close to the main phosphorus peak at 52 ppm indicating phosphorus-tin 
coupling. These reactions were observed to proceed using either DCM or CHCl3 as solvent. 
The compounds were obtained in quantitative yields as yellow air stable solids, soluble in 
organic solvents such as DCM and chloroform.   
 
 









H} NMR spectra of tetrazolyl complexes 4.6-4.13 
In general, minor shifts were observed in the 
1
H NMR spectrum upon complexation of the 
respective ligands. Aromatic signals tend to overlap with each other mostly in the region 
between 7 and 8 ppm. However, OH groups formed after P-S heterolysis were observed in 
the 
1




H NMR Spectroscopy of P-S tetrazolyl complex 4.12 
 




H} NMR of iridium-tetrazolyl complexes. Peaks 
corresponding to the presence of the Cp
*
 ring are observed around 10 ppm upon 
complexation of the ligand with [Ir(C5Me5)Cl2]2. Similarly, aromatic signals corresponding to 








H} NMR Spectroscopy of P-S tetrazolyl complex 4.8 
 
4.2.10 Mass spectra and elemental analysis of tetrazolyl ligands 4.6-4.13  
In general, mass spectrometry served as a useful tool in confirming synthesis of the various 





NMR spectra. Fragments corresponding to m/z [M-PPh2]
-
 (Table 4.2) were observed and this 
was corroborated with elemental analysis (Table 4.2). Figure 4.10, mass spectrum of 4.8 




Figure 4.10: Mass spectrum of 4.8 
Table 4.2: High Resolution mass spectrometry results for 4.6-4.13 
Compound Calculated molar mass (g/mol)  Observed fragment (m/z) Assignment 
4.6 537.92 509.0126 [M-N2]
+
 
4.7 600.07 565.1045 [M-Cl]
+
 
4.8 742.13 707.1599 [M-Cl]
+
 
4.9 1014.08 979.1093 [M-Cl]
+
 
4.10 978.99 566.1632 [M-2tz]
+
 
4.11 1332.20 1187.2327 [M-Cl]
+
 
4.12 931.97 707.1576 [M-SnCl3]
+
 









4.2.11 Single crystal X-ray structures of complexes 4.8, 4.10, 4.11 and 4.12  
Enantiopure crystals for 4.8 (Figure 4.11A) were grown by slow evaporation in CHCl3 and 
the crystallographic data of this complex is shown in Table 4.4. Enantiopure complex 4.8 
crystallizes in the monoclinic crystal system with space group P21/n with piano-stool 
geometry around the iridium center. The iridium center is an iridium(III) center with 
negatively charged sulphur moiety as ligand. Interestingly, hydrogen bonding is observed 
between the hydroxyl protons bonded to the phosphorus atom in enantiopure complex 4.8 and 
a nitrogen atom present in the tetrazole ring. However, growing crystals for 4.8 in DCM 
yields racemic crystals of 4.8 which co-crystallized in the triclinic space group P-1 with 
piano-stool geometry around both iridium center (Figure 4.11B). Both Ir1 and Ir2 are 
iridium(III) complexes with piano-stool geometry with a negatively charged sulphur moiety 
as ligand (Figure 4.11B). Similarly, hydrogen bonding is observed between the hydroxyl 
protons and a nitrogen atom in the tetrazole ring. Table 4.3 and Table 4.4 show selected bond 
lengths and angles and crystallographic data respectively for enantiopure complex 4.8 and 
racemic complex 4.8. 
 
Figure 4.11: (A) Molecular structure of enantiopure complex 4.8 (B) Molecular structure of 
racemic complex 4.8 
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Table 4.3: Selected bond lengths and angles for complexes enantiopure complex 4.8 and 
racemic complex 4.8 
 Racemic complex 4.8  Enantiopure complex 4.8 
Ir(1)-Cl(1) 2.469(11) Ir(1)-Cl(1) 2.420(19) 
Ir(1)-S(1) 2.376(10) Ir(1)-S(1) 2.367(2) 
Ir(1)-P(1) 2.252(10) Ir(1)-P(1) 2.267(18) 
Ir(2)-Cl(2) 2.462(10) S(1)Ir(1)-Cl(1) 84.38(7) 
Ir(2)-S(2) 2.373(10) P(1)Ir(1)-Cl(1) 93.58(7) 
Ir(2)-P(2) 2.261(10) P(1)Ir(1)-S(1) 91.35(7) 
S(1)Ir(1)-Cl(1) 85.9(3)   
P(1)Ir(1)-Cl(1) 97.3(4)   
P(1)Ir(1)-S(1) 91.9(3)   
P(2)Ir(2)-Cl(2) 97.5(3)   
P(2)Ir(2)-S(2) 91.7(3)   
S(2)Ir(2)-Cl(2) 85.8(3)   
    
 
Table 4.4: Crystallographic data for enantiopure complex 4.8 and racemic complex 4.8  
Identification code  Racemic complex 4.8 Enantiopure complex 4.8.CHCl3  
Empirical formula  C29H35ClIrN4O2PS  C30H36Cl4 IrN4O2PS 
Formula weight  762.29  860.04 
Temperature/K  100.03  100.01 
Crystal system  triclinic  monoclinic  
Space group  P-1  P21/n 
a/Å  9.154(5)  9.1975(8) 
b/Å  11.247(6)  31.652(3 
c/Å  31.151(15)  11.2380(10) 
α/°  89.884(7)  90 
β/°  90.021(7)  92.385(2) 
γ/°  91.789(5)  90 
Volume/Å
3
  3205(3)  3268.8(5) 
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Z  4  19 
ρcalcg/cm
3
  1.580  1.7508 
μ/mm
-1
  4.395  4.556 
F(000)  1512.0  1694.6 
Crystal size/mm
3
  0.3 × 0.2 × 0.2  0.33 × 0.21 × 0.19 
Radiation  
MoKα  
(λ = 0.71073)  
MoKα  
(λ = 0.71073) 
2Θ range for data collection/°  2.614 to 58.752  3.84 to 56.54 
Index ranges  
-12 ≤ h ≤ 12,  
-14 ≤ k ≤ 14,  
-41 ≤ l ≤ 41  
-12 ≤ h ≤ 12, 
 -42 ≤ k ≤ 42, 
 -14 ≤ l ≤ 14 
Reflections collected  101594  82558 
Independant reflections  
15825 [Rint = 0.1542,  
Rsigma = 0.1262]  
8097 [Rint =0.0767, 
 Rsigma = 0.0434] 
Data/restraints/parameters  15825/0/332  8097/0/385 
Goodness-of-fit on F
2
  1.234  1.273 
Final R indexes [I>=2σ (I)]  
R1 = 0.2126,  
wR2 = 0.4799  
R1 = 0.0541,  
wR2 = 0.1692 
Final R indexes [all data]  
R1 = 0.2547,  
wR2 = 0.5063  
R1 = 0.0721,  
wR2 = 0.1797 
Largest diff. peak/hole / e Å
-3
  20.87/-11.62  2.56/-2.14 
   
Crystals for 4.10 were obtained by slow evaporation of DCM solution of 4.10 and 4.10a and 
the molecular structure of this complex is shown in Figure 4.12. Complex 4.10 adopts a 
paddle-wheel structure which crystallizes in the monoclinic crystal system with space group 
space group P21/n. The geometry around the metal centers are square pyramidal geometry 
around both palladium centers as a result of the Pd-Pd bond. Both palladium centers are 
bonded to two neutral nitrogen ring as well as two negatively charged sulphur groups leading 
to Pd(II) centers. The bond angles and bond distances in 4.10 are in similar ranges when 






Figure 4.12: Molecular structure of complex 4.10. 
Crystals for 4.11 were obtained by slow evaporation of DCM solution of 4.11 and the 
molecular structure of this complex is shown in Figure 4.13. Complex 4.11 crystallizes in the 
orthorhombic space group P212121 with piano-stool geometry around both iridium centers. 
Iridium center Ir1 has three S atoms (S1, S2 and S3) coordinated to it. Two of these sulphur 
atoms (S1 and S3) carry a negative charge making the metal an iridium(III) center while the 
third S atom (S2) serves as a bridging ligand to Ir2 carrying a negative charge to Ir2. Ir2 is 
also an iridium(III) center with two neutral N atoms (N1 and N2) from two different tetrazole 




Figure 4.13: Molecular structure of complex 4.11. 
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Crystals of 4.12 suitable for single crystal X-ray diffraction spectroscopy were also grown by 
slow evaporation of a chloroform solution of 4.12 at room temperature with the crystal 
structure of 4.12 shown below (Figure 4.14). 
 
Figure 4.14: Molecular structure of complex 4.12 (co-crystallized CHCl3 groups removed for 
clarity). 
Complex 4.12 crystallizes in the orthorhombic space group P212121 with piano-stool 
geometry around the iridium center. Negatively charged S atom from the tetrazole moiety is 
coordinated to iridium center Ir1. Probably, over the course of the insertion of SnCl2 into the 
Ir-Cl bond of 4.8, a rotation along the S-Ir bond in 4.8 occur placing N1 from the tetrazole 
ring in close proximity to Tin resulting in the coordination of N1 from the tetrazole ring with 
tin during the formation of 4.12. The tin metal center is therefore observed to be present in 
trigonal bipyramidal geometry as opposed to the expected tetragonal geometry as a result of 
coordination by the tetrazole nitrogen N1. This unexpected coordination by the N1 tetrazole 
nitrogen results in a bimetallic heteroatomic five membered ring involving iridium, tin, 
nitrogen, carbon and sulphur. Table 4.5 shows selected bond lengths and angles whiles Table 







Table 4.5: Selected bond lengths and angles for complexes 4.10, 4.11 and 4.12. 
Complex 4.10 Complex 4.11 Complex 4.12 
Pd(1)-Pd(1)
i
 2.7832(15) Ir(1)-S(1) 2.4189(14) Ir(1)-Sn(1) 2.5767(9) 
Pd(1)-S(2) 2.294(3) Ir(1)-S(2) 2.3779(15) Ir(1)-S(1) 2.368(3) 
Pd(1)-S(3) 2.299(3) Ir(1)-S(3) 2.3976(15) Ir(1)-P(1) 2.264(3) 
Pd(1)-N(4) 2.124(8) Ir(2)-S(2) 2.4226(13) Sn(1)-Cl(1) 2.366(3) 




93.70(7) Ir(2)-S(2) 2.082(5) Sn(1)-Cl(3) 2.543(3) 
S(2)Pd(1)-S(3) 90.20(12) N(1)Ir(2)-S(2) 95.84(14) Sn(1)-N(1) 2.374(11) 
N(4)Pd(1)-S(3) 178.1(2) N(2)Ir(2)-S(2) 84.48(14) S(1)Ir(1)-P(1) 95.89(11) 
  N(2)Ir(2)-N(2) 84.08(19) P(1)Ir(1)-Sn(1) 90.85(8) 
  S(2)Ir(1)-S(1) 80.44(5) Sn(1)Ir(1)-S(1) 87.29(7 
  S(3)Ir(1)-S(1) 95.96(5) Ir(1)Sn(1)-Cl(1) 126.37(8) 
  S(3)Ir(1)-S(2) 95.37(5) Cl(1)Sn(1)-Cl(2) 100.73(11) 
    N(1)Sn(1)-Cl(3) 169.5(2) 
Table 4.6: Crystallographic data for complexes 4.10, 4.11 and 12. 
Identification code  Complex 4.10  Complex 4.11 Complex 4.12 
Empirical formula  C28H20N16Pd2S4 C41H45F6Ir2N12PS3  C29H35Cl3IrN4O2PSSn 
Formula weight  94.96  1332.20  931.97 
Temperature/K  173  99.96  100.01 
Crystal system  monoclinic  orthorhombic  orthorhombic 
Space group  P21/n  P212121  P212121 
a/Å  13.0764(18)  14.2829(12)  11.4093(9)  
b/Å  7.0967(10)  16.2029(14)  14.8775(11)  
c/Å  20.705(3)  19.5858(16)  23.8577(18)  
α/°  90  90  90 
β/°  96.799(4)  90  90 
γ/°  90  90  90 
Volume/Å
3
  1907.9(5)  4532.6(7)  4049.7(5)  
Z  20  25  20  
ρcalcg/cm
3





  1.212  6.111  4.617  
F(000)  936.0  2576.8  2263.2  
Crystal size/mm
3
  0.3 × 0.2 × 0.2  0.32 × 0.19 × 0.22  0.25× 0.18 × 0.18  
Radiation  
MoKα (λ = 
0.71073)  
Mo Kα  
(λ = 0.71073)  
Mo Kα 
 (λ = 0.71073)  
2Θ range for data collection/°  6.074 to 52.228  3.52 to 55.84  3.22 to 56.74  
Index ranges  
-16 ≤ h ≤ 16, -8 ≤ k 
≤ 8, -25 ≤ l ≤ 25  
-18 ≤ h ≤ 18,  
-21 ≤ k ≤ 21,  
-25 ≤ l ≤ 25  
-15 ≤ h ≤ 15,  
-19 ≤ k ≤ 19, 
 -31 ≤ l ≤ 31  
Reflections collected  62903  87841  111318  
Independant reflections  
3783 [Rint = 
0.1536, Rsigma = 
0.0650]  
10743 [Rint = 
0.0347,  
Rsigma = 0.0212]  
10119 [Rint =  
0.1156, 
 Rsigma = 0.0548]  
Data/restraints/parameters  3783/0/231  10743/0/595  10119/0/448  
Goodness-of-fit on F
2
  1.082  1.049  0.716  
Final R indexes [I>=2σ (I)]  
R1 = 0.0883, wR2 = 
0.2479  
R1 = 0.0312, 
 wR2 = 0.0779  
R1 = 0.0340,  
wR2 = 0.0919  
Final R indexes [all data]  
R1 = 0.1179, wR2 = 
0.2786  
R1 = 0.0320, 
wR2 = 0.0783  
R1 = 0.0406,  
wR2 = 0.0986  
Largest diff. peak/hole / e Å
-3
  2.11/-1.36  1.32/-0.96  0.57/-0.96  
 5  0.462(9) -0.019(4) 
4.3 Evaluation of iridium and palladium tetrazolyl complexes for CO2 hydrogenation  
4.3.1 Optimization of reaction conditions using 4.8 
Using both ethanol and DMSO as solvents for the CO2 hydrogenation reaction, there was 
only a trace amount of formate formed as detected by 
1
H NMR spectrum of the contents of 
the reaction media. However, changing the solvent to water resulted in the formation of a 
modest amount of formate (0.027 mmol) using 4.8. This increase in TONs is probably 
because water has been shown to enhance the rate of CO2 hydrogenation possibly due to 
hydrogen-bonding interaction with an oxygen atom in CO2 during the insertion of CO2 in the 
catalytically active metal hydride species.
17
 However, adding THF resulted in an eightfold 
increase in TON that indicates the importance of THF as solvent for the reaction (possibly 
due to increased catalyst solubility in the solvent mixture). Increasing the temperature for the 
reaction also resulted in an increase in the amount of formate formed. At 160
 o
C, 0.656 mmol 
of formate was produced compared to 0.197 at 90 
o
C (Table 3). Varying the ratios of CO2 and 
H2 gave the ideal ratio of CO2:H2 at 40 bar. Changing the ratio of H2:CO2 from 3:1 to 1:1 
generally resulted in an improvement in TONs. This suggests that the rates of formation of 
the catalytically active iridium-hydride species and the insertion of CO2 into the iridium-
hydride bond proceed at similar rates. Furthermore, addition of different bases affect the 
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TONs of the reaction (Table 3). The best base for the reaction is DBU (1,8-
Diazabicyclo(5.4.0)undec-7-ene) (Table 3, entries 11 and 12). We also observed that the 
amount of product formed is higher than the amount of base used. This is possible because 1 
eq of DBU is known to stabilize multiple equivalence of formate via homoconjugation during 
the CO2 hydrogenation reaction.
34–37
 














1 H2O 90 10:30 K2CO3 0.027 5 
2 H2O:THF(4:1) 90 10:30 K2CO3 0.197 39 
3 DMSO 90 10:30 K2CO3 Trace - 
4 Ethanol 90 10:30 K2CO3 Trace - 
5 H2O:THF(4:1) 140 10:30 K2CO3 0.329 66 
6 H2O:THF(4:1) 160 10:30 K2CO3 0.656 131 
7 H2O:THF(4:1) 160 13.3:26.6 K2CO3 0.652 130 
8 H2O:THF(4:1) 160 20:20 K2CO3 0.744 149 
9 H2O:THF(4:1) 160 26.6:13.3 K2CO3 0.576 115 
10 H2O:THF(4:1) 160 20:20 Et3N 0.451 90 
11 H2O:THF(4:1) 160 20:20 DBU 2.350 470 
12
a 
H2O:THF(4:1) 160 20:20 DBU 1.561 1561 
13
b 
H2O:THF(4:1) 160 20:20 DBU 0.057 281 
14
c 
H2O:THF(4:1) 160 20:20 DBU 0.704 704 
Reactions were performed in 10 mL of appropriate neat solvent or mixture, 1.44 mmol of base at appropriate 
temperature and pressure with stirring (1500 rpm) and complex 4.8 (5 µmol) for 24 h using DMF as standard. 
TON = calculated mmol of [HCO2
-
]/mmol of catalyst (a) 1 µmol of catalyst used for 24 h (b) 0.2 µmol of 
catalyst used in 24 h reaction time (c) 1 µmol of catalyst used for 16 h. 
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Reducing the amount of catalyst used as well as reaction time resulted in lower amounts of 
formate being produced. As such the optimum reaction conditions for catalyst 8 catalyzed 
CO2 hydrogenation reaction was using 10 mL of a 4:1 H2O:THF mixture at 160 
o
C, 1:1 (40 
bar CO2:H2), using DBU as base at 1µmol catalyst loading for 24 h at 1500 rpm. A sample 
1
H 
NMR spectrum of the contents of the CO2 hydrogenation reaction using 4.8 is shown in 
Figure 4.15. 
 
Figure 4.15: Typical 
1
H NMR spectrum of the contents of the reaction mixture after CO2 
hydrogenation reaction using DMF as internal standard. 




H} NMR spectrum (Figure 4.16) also indicated the formation of the 
bicarbonate ion over the course of the CO2 hydrogenation  reaction as CO2 in the presence of 
wet DBU results in the formation of the bicarbonate ion as has been reported in literature 
(Equation 1).
38
 Hydrogenation of NaHCO3 instead of CO2 using 4.8 or 4.12 also resulted in 
the formation of formate (Table 4.8). This indicates the hydrogenation of bicarbonate as well 








H} NMR spectrum of the contents of CO2 hydrogenation using 4.8. 
 
 
Comparing other chiral-at-metal complexes to catalyst 4.8 (TON 1561) for the CO2 
hydrogenation reaction, it is evident 4.7 performs better with TON of 1878 (Table 4.8). This 
result indicates electron donating tetrazolyl substituent results in lower catalytic activity. 
However, increased catalytic activity could also be as a result of ease through which both 
chlorides ligands coordinated to the iridium center in 4.7 can dissociate resulting in a 
dihydride species when 4.7 is present under H2 pressure under aqueous basic conditions. 
Such secondary hydrido species formation for 4.8 would be more unfavorable due to the 
stronger Ir-S bond. In addition, 4.8 exists as an enantiomer therefore if P-OH group plays a 
role in the hydrogenation reaction as a proton responsive group, then an enantiomer of 4.7 
with P-OH and chloride ligand oriented away from each other would probably require 
significant amounts of energy in forming the Iridium-hydride species as compared to its 
enantiomer with both P-OH and Cl groups oriented towards each other. Interestingly, catalyst 
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4.9 which would be expected to have a more electron-deficient iridium center because of the 
electron withdrawing nature of the CF3 substituents also has a similar TON (1391) to that of 
4.8. This suggests these CF3 groups are too far from the metal center to significantly influence 




H} NMR peaks for which both 
4.8 and 4.9 have peaks around 55 ppm. This is in contrast to expected results where the more 
electron deficient phosphorus would be more downfield. It is also evident from Table 4.8 that 
Iridium containing complexes vastly performed better than Palladium versions with similar 
ligand systems. This could be due to the ease by which the catalytically active hydride 
species is formed for Iridium complexes as compared to palladium complexes. Comparing 





, it is evident these catalysts are more active. For example, more 
concentrated formate solutions (around 180 mM) are produced from 4.7, 4.8 and 4.9 
catalyzed CO2 hydrogenation in our study compared to 26-91 mM for N^N bidentate iridium 
half-sandwich catalysts reported in literature 
17
. Similarly, when 4.6 and 4.10 are compared 
with other Pd(II) catalytic systems for CO2 hydrogenation, it is evident these tetrazolyl 
palladium complexes are much more active under milder conditions with TONs around 500 
as compared to between 50-150 obtained for [PdCl(O^N^C)], PdCl2, [PdCl2(MeCN)2] and 
[Pd(OAc)2].
39
 For the Pd(II) catalysts reported by Zargari et al.
39
 significantly harsher 
conditions such as temperatures of 200 
o
C and pressures of 110 bar were used in order to 
obtain modest TONs (in the ranges of 50-150). This illustrates the importance of the 
tetrazolyl groups during palladium catalyzed CO2 hydrogenation. 
Table 4.8: Chiral-at-metal complexes for CO2 hydrogenation. 




] [mM] TON (TON)
b 
1 4.8 1.561 (0.752) 156 1561 (752) 
2 4.8
d 0.601 60 601 
3 4.7 1.878 (1.305) 188 1878 (1305) 
4 4.12 1.152 (0.680) 115 1152 (680) 
5 4.12
d 0.751 75 751 
6 4.13 1.015 (0.855) 102 1015 (855) 
7 4.6 0.320 (0.163) 32 320 (163) 
8 4.10
e 0.564 (0.385) 56 564 (385) 




c 1.572 (1.252) 157 3144 (2504) 
11 [Cp*Ir(L1)(Cl)]Cl
f 0.26 26 1300 
12 [Cp*Ir(L2)(Cl)]Cl
f 0.91 91 4600 
13 PdCl(O^N^C)
g 0.475 4.7 95 
14 NaSnCl3 0.389 39 389 
15 4.10 0.171 17 171 
 
Performed in 10 mL of a 4:1 H2O: THF mixture, 0.216 mL DBU at 160 
o
C under 40 Bar CO2:H2 (1:1) with 
stirring (1500rpm) in the presence of a complex (1 µmol) for 24 h. (a) Calculated mmol of [HCO2
-
] in the 
presence of excess mercury (500 Hg:1 cat) (b) calculated TON of [HCO2
-
]  when reaction carried out in the 
presence of excess mercury (500 Hg:1 cat) (c) Reactions carried out using 0.5 µmol of bimetallic catalyst 4.11. 
(d) Performed in 10 mL of a 4:1 H2O: THF mixture, 1.44 mmol of NaHCO3 at 160 
o
C under 50 bar H2 with 
stirring (1500rpm) in the presence of a complex (1 µmol) for 24 h. (e) mixture of catalyst 4.10 used as is. (f) 
Reference
17
,L1 = 2-(1H-imidazol-2-yl)pyridine, L2 =2-(1H-pyrazol-3-yl)pyridine Performed in 10 mL of a 
2.0M KHCO3 aqueous solution (pH 8.5) at 50
o
C under 1.0 MPa H2/CO2 (1:1) with stirring (1500 rpm) in the 
presence of a complex (20 µM) for 24 h. (g) Reference
39
; Reaction conditions: 1.7 mmol KOH and 5 µmol of 
catalyst [PdCl(O^N^C)], O^N^C= N-(2-methoxyethyl)-2-(3-methyl-2,3-dihydro-1H-benzo[d]imidazol-1-
yl)acetamide) were added into a stainless steel reactor and charged with 68 atm CO2 and 41 atm H2 heating at 
200 
o
C for 3 h using 1 mL of water as solvent. (Prenthesis) TON from mercury drop test. 
 
Comparing the tin containing bimetallic complexes to the chiral-at-metal complex catalyst 
4.8 (TON 1561) for CO2 hydrogenation, it is evident the bimetallic variant 4.12 hydrogenates 
CO2 with slightly lower TON of 1152 (Table 4.8). Similarly, catalyst 4.7 (TON 1878) was 
observed to be more active for the CO2 hydrogenation reaction as compared 4.13 (TON 
1015). This is in spite of both complexes 4.12 and 4.13 containing Lewis acids, the presence 
of which during hydrogenation reactions has been shown to increase catalytic activity by 
catalyzing hydride transfer to CO2.
40–42
 This result seems to indicate increased catalytic 
activity could also be as a result of ease through which chlorides ligands/tin substitutents 
coordinated to the iridium center can dissociate resulting in the formation of 
dihydride/hydride species when these complexes are present under H2 pressure under 
aqueous basic conditions.
43,44
 Such hydrido species formation for 4.12 would be more 
unfavourable as compared to 4.13 due to the stronger stability of the resulting five membered 
ring formed in the case of 4.12. In addition, dissociation of the Ir-Sn and/or Sn-N bonds 
would be expected to be more energy demanding in 4.12 as compared to 4.13 for which the 
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reaction can reasonably be expected to proceed with/without Ir-Sn dissociation for the CO2 
hydrogenation reaction. This possibly explains why 4.13 (which would require Ir-Cl and/or 
Ir-Sn dissociation prior to formation of the iridium hydride species) demonstrates lower 
catalytic activity as compared to 4.7 (which would require Ir-Cl dissociation) prior to the 
formation of its iridium hydride species. 
Using NaSnCl3 for CO2 hydrogenation under identical conditions as those used for 4.12 or 
4.13 resulted in 0.389 mmol of formate. This indicates that even if Sn dissociates from the 
iridium it also catalyses the reaction albeit at lower activity. It is interesting to note bimetallic 
Ir-S-Ir complex 4.11 is much more active for the CO2 hydrogenation reaction as compared to 
the other bimetallic complexes. This is probably due to the ease with which dissociation of 
Phenyl-1H-tetrazole-5-thiol moiety occurs in the bimetallic catalyst leading to the formation 
of iridium hydride species. This ease of dissociation of S/N groups could also explain why 
iridium bimetallic complex 4.11 performed vastly better than chiral-at-metal variants with 
similar ligand systems. Generally, these bimetallic complexes exhibit higher catalytic activity 
for CO2 hydrogenation by generating concentrated formate solutions albeit at higher 




4.3.2 Mechanism of action of iridium tetrazolyl complexes for CO2 hydrogenation 
A mercury drop test for the reactions indicated CO2 was hydrogenated via a homogeneous/ 
mixture or combination of catalystic process (Table 4.8). As such, plausible reaction 
mechanisms for the CO2 hydrogenation reaction involving the chiral-at-metal Iridium 
complexes were investigated. In the presence of excess base and water, complex 4.8 would 
be expected to undergo an aquation reaction with the chloro ligand being replaced with a 
water ligand while deprotonating the OH group on the phosphorus donor to yield A (Scheme 
4.5). In situ 
1
H NMR experiments involving the reaction of complex 4.8 with two 
equivalence of DBU demonstrated the disappearance of the hydroxyl protons at 11.6 ppm 









Figure 4.17: Deprotonation of 4.8 using DBU 
Carrying out a similar reaction with 4.12 using two equivalence of DBU also resulted in the 
disappearance of the hydroxyl proton of the P-OH moiety around 9.5 ppm. This indicated that 
during the hydrogenation of CO2, the P-OH group could possibly function as a proton 
responsive group to assist in the heterolytic cleavage of H2.  
Pressurizing 4.8 in a THF/water mixture with two equivalence of DBU and 5 bar of D2 at 100 
o
C for 1 h resulted in the appearance of doublet hydride peaks around -15.5 ppm with 
coupling constant 25.2 Hz as well as corresponding shifts in peaks in the aromatic region 
(Figure 4.18). This observation was probably as a result of the exchange of hydrogen and 
deuterium present in solution yielding proton signals in the 
1
H NMR spectrum. The observed 
splitting of proton signals was also observed as a result of the proximity of the NMR active 
phosphorus atom. Similar splitting for such hydride protons have also been observed in 
literature.
45




H} NMR spectrum from 




Figure 4.18: Formation of chiral-at-metal iridium hydride species using 4.8. 
Similarly, when 4.12 was reacted with two equivalence of DBU in a THF/water mixture 
followed by pressurizing with 5 bar of H2 at 100 
o
C for 1 h,  resulted in the appearance of a 
hydride signal resonating as a doublet around -15.5 ppm with coupling constant of 24.8 Hz as 
a result of coupling to the phosphorus atom (Figure 4.19). This suggests that the Lewis acid 
dissociates in order to create a vacant site for the formation of the metal hydride as identical 
hydride peaks in the 
1
H NMR spectra were observed when using either 4.8 or 4.12. However, 
due to the presence of excess base in solution, the iridium hydride species could be expected 
to exist as species C where the proton responsive hydroxyl group is deprotonated to yield C 
(Scheme 4.5). This intermediate C was then isolated and characterized, which further 
supports the proposed structure as a feasible intermediate. Pressurizing a NaSnCl3 solution 
with H2 did not yield any Sn-hydrides in solution as observed from the 
1
H NMR spectrum 
indicating Sn-catalyzed CO2 hydrogenation probably proceed by heterogeneous means. 
Subsequently, insertion of in situ generated bicarbonate ions into the iridium-hydride bond 
yields intermediate D, which upon dissociation of a hydroxyl group yields the iridium-
formato species E. However, direct insertion of CO2 into the metal-hydride bond is also 
possible during the formation of the iridium formato species as a result of the observation of 
formate when other non-carbonate bases are used for the reaction. Such direct CO2 insertion 
in metal-hydride bonds have been reported in mechanisms involving interactions between 
CO2 and the metal-hydride bond prior to the formation of the metal-formato species.
14,17
 The 
final step of the reaction is then reductive elimination of formate using the base in order to 




Figure 4.19: Formation of chiral-at-metal iridium hydride species using 4.12. 
Treating 4.11 with H2 under elevated temperatures followed by analysis with 
1
H NMR 
spectroscopy indicated in the appearance of a singlet peak at -16.4 ppm (Figure 4.20). 
Isolating and washing this intermediate with diethyl ether (to remove any dissociated 1-
phenyl-1H-tetrazole-5-thiol) followed by analyzing the 
1
H NMR spectrum indicated that 1-
phenyl-1H-tetrazole-5-thiol does not completely dissociate during the formation of this 
iridium hydride. Thus, the most likely route towards hydride formation involves breaking of 
either the Ir-S or Ir-N bonds (Scheme 4.6) prior to H2 heterolysis and subsequent H
-
 







H NMR spectrum of F. 
If Ir1-S3 bond breaking was to occur, Ir1 would possess a vacant site most likely occupied by 
water to render the charge on Ir1 as 0 and the charge on Ir 2 as +1. Thus, coordination of a H
-
 
to Ir1 is unlikely to occur in this scenario since the resulting Ir1 would have a charge of -1. 
Similarly, breaking of Ir2-S3 bond would result in Ir1 being coordinatively saturated with a 
charge of -1 which is also unlikely to occur.  
Therefore, the most likely bonds to break when 4.11 is pressurized with H2 would be either 
Ir1-S1, Ir1-S2, Ir2-N1 or Ir2-N2 bonds. However, considering the very short bond lengths 
between both Ir1 and Ir2 with tetrazolyl nitrogens N1 and N2 (ca 2.1 ) compared to Ir-S 
bonds (ca 2.4) , an Ir-N bond breaking is unlikely to occur as compared to an Ir-S bond 
breaking under hydrogenation conditions. We do not believe both Ir1-S1 and Ir1-S2 bonds 
dissociate to yield dihydride iridium species since this would be identified in the 
1
H NMR 
spectrum of the resulting complex as a result of integration (Figure 4.20). 
 Breaking either Ir1-S1 or Ir1-S2 bonds followed by coordination of H
-
 would result in the 
formation of enantiomeric iridium-hydrides of intermediate F which cannot be observed by 
NMR spectroscopy. The structure of intermediate F was also supported by analyzing the 
mass spectrum of the isolated species for which a peak corresponding to [M]+ with m/z= 
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1189.2356 was observed. Considering the very low chemical shift of the hydride peak in F (-





), it is plausible that the second Iridium center Ir2 shuttles 
electrons via a bridging S coordinated 1-phenyl-1H-tetrazole-5-thiol ligand in order to shield 
the resulting Ir1-hydride. This, therefore, results in an electron-rich iridium center and 
accounts for the high catalytic activity observed. 
 
Scheme 4.6: Plausible reaction mechanism for 4.11 in CO2 hydrogenation. 
Since F would be generated in the presence of excess base, deprotonation of the thiol moiety 
to yield G is expected. Reacting F with either NaHCO3 or CO2 at 100 
o
C in order to yield H 
was unsuccessful as indicated from the 
1
H NMR monitoring of these reactions. However, 
when F is reacted with CO2 in the presence of DBU, the hydride signal at -16.4 ppm 
disappears possibly due to formation of the formato species H followed by formate 
dissociation. This suggests that for 4.11, the species undergoing hydrogenation is CO2 and 
not bicarbonate ions generated from CO2 in the presence of wet DBU.  Thus, the role of the 
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base is primarily to facilitate dissociation of the product. The final step involves the 
dissociation of formate from the iridium center and subsequent coordination of S1
-
 to Ir1 
yielding 4.11. This S
-
 moiety could also assist in H2 heterolysis resulting in the regeneration 
of F. 
 
4.3.3 Mechanism of action of palladium tetrazolyl complexes for CO2 hydrogenation 
In attempts to elucidate the mechanism of action of the palladium complexes for CO2 
hydrogenation, both 4.6 and 4.10 were treated with 50 bar H2 separately, with and without 
base under room and elevated temperatures in order to identify possible palladium hydride 
species as intermediates. However, no such intermediates were observed. This suggested the 
first step for the palladium catalyzed CO2 hydrogenation was probably reaction of the 
palladium precursors with in situ generated HCO3
-
. Similar bicarbonate insertion into 
palladium complexes prior to CO2 hydrogenation have been reported in literature.
39
 As such a 
plausible mechanism of action for 4.3 in CO2 hydrogenation would first involve the 
dissociation of Cl
-
 ligand from the palladium center leading to a vacant site on Pd center 
resulting in I. This species I is possibly stabilized by DBU prior to the next step of the 
reaction. Subsequent attack by in situ generated HCO3
-
 on I results in J (Scheme 4.7). In 
attempts to isolate J, 4.6 was reacted with NaHCO3 in a 1:1 ratio using 4:1 water:THF 
mixture at 100 
o




H} NMR spectroscopy indicated a 






H} NMR spectrum of possible intermediate J 
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Similarly, a mass spectrum of this product supported the formation of J where a peak 
corresponding to [M-Ph]
+
 m/z = 487.1216 was observed. Repeating the same reaction with 




H} NMR spectrum. This supports the proposed 
route of only one chloride ligand dissociating from the Pd center during the catalytic cycle. 
 
Scheme 4.7: Plausible reaction mechanism for 4.6 in CO2 hydrogenation. 
In the case of 4.10, it is certainly plausible to dissociate one, two, three or four Pd-S bonds 
prior to HCO3
- 
coordination resulting in two, three or four bicarbonate substituted versions of 
J. Perhaps, the formation of various bicarbonate-substituted paddlewheel intermediates 
accounts for the relatively high observed catalytic activity. A similar reaction pathway will be 
expected for 4.10a resulting in the formation of the corresponding palladium-bicarbonate 
intermediate. 
The next step of the reaction involves an H2 assisted dissociation of water from the 
palladium-bicarbonate intermediate J results in intermediate K (Scheme 4.7). Reacting an 
aqueous solution of J with H2 resulted in the decomposition of the catalyst indicating this 
specie may not be very stable and rapidly eliminates from the metal center in the presence of 
a base yielding formate and regenerating I. Since 4.10 and 4.10a are also present in a 





tetrazolyl-N assisted H2 cleavage where the N atom acts as similar pendant base site for H2 
cleavage.
47
 This would yield H
+
 ions that would react with OH
-
 groups in the bicarbonate 
group resulting in the formation and subsequent dissociation of water. The final step of the 
reaction then involves the elimination of formate using DBU in order to regenerate 
corresponding species A. 
4.4 Conclusion 
Tetrazole containing ligands with P-S bonds may or may not undergo P-S heterolysis 
yielding iridium and palladium complexes depending on the presence of water or steric bulk 
in the ligands. The resulting Iridium complexes demonstrated excellent catalytic activity in 
CO2 hydrogenation as compared to the palladium variants. The iridium complexes are able to 
hydrogenate CO2 as well as NaHCO3 in the presence of 4:1 water:THF mixture using DBU as 
base via a homogeneous catalytic approach. Investigations into the mechanism of action for 
the CO2 hydrogenation reaction for the iridium complexes showed the iridium precatalysts 
first undergo aquation in situ followed by H2 heterolysis by proton responsive P-OH groups 
to yield an iridium hydride intermediate. This iridium hydride species is the true catalytically 
active species that then goes on to hydrogenate either bicarbonate species or CO2 that was 
present in solution to yield formate. It is also evident that the incorporation of Sn in either 
complexes 4.7 and 4.8 resulted in a reduction of catalytic activity. This suggest the SnCl2 
insertion into the Ir-Cl bond results in stable Ir-Sn bonds which do not easily dissociate under 
the conditions used during the CO2 hydrogenation reaction. This, however, also indicates 
incorporating tin in iridium complexes does not synergistically enhance catalytic activity. 
This is in contrast to the Ir-Ir bimetallic complex 4.11 which has significant TON of 3144 
under the CO2 hydrogenation reaction conditions. In situ NMR studies suggests only one 
iridium center is responsible for CO2 hydrogenation with the second iridium center primarily 
serving as an electron source to assist in formation of the various intermediates. Interestingly, 
for the Ir-Sn bimetallic complexes 4.12 and 4.13, the role of the tetrazole moiety seems more 
pronounced in 4.12 as it performs better than 41.3. This might be as a result of enhanced 
electron donation of the tetrazole moiety leading to higher TONs. It is also possible for such 
systems that dissociation of SnCl2 from the metal center might occur more readily/faster for 
4.12 than 4.13 resulting in an increased rate of formation of the corresponding catalytically 





All reactions were carried out in air unless otherwise stated. All solvents used were reagent 
grade, purchased from Sigma Aldrich and dried under nitrogen before use. 1-Phenyl-1H-
tetrazole-5-thiol, chlorodiphenylphosphine, diethylchlorophosphite, sodium methoxide, 
sodium hexafluorophosphate, potassium hydroxide and tin(II) chloride dehydrate were 
purchased from Sigma Aldrich and used without further purification. PdCl2 and iridium(III) 





 were synthesized according to literature procedures. NMR spectra were 
recorded on Bruker 400 MHz NMR spectrometer (
1













H} NMR 187 MHz). Spectrometer chemical 
shifts were reported relative to the internal standard tetramethylsilane (δ 0.00 ppm) and 
referenced to the residual proton and carbon signals at 7.24 and 77.0 ppm respectively of 
CDCl3. Infrared spectra were obtained neat using a Perkin Elmer Spectrum BX II fitted with 
an ATR probe. Melting points were obtained using a Gallenkamp Digital Melting-point 
Apparatus 5A 6797. Elemental analysis was performed on a Thermos Scientific FLASH 2000 
CHNS-O Analyzer. Mass spectrometry was performed using Waters Synapt G2 mass 
spectrometer with both ESI positive and Cone Voltage 15 V. XRD spectra were obtained 
from a Bruker APEX-II CCD Diffractometer.  
 
4.5.1 Synthesis of O,O-diethyl S-(1-phenyl-1H-tetrazol-5-yl) phosphorothioite (4.1) 
 
Into a Schlenk tube containing 10 mL THF solution of 500 mg (2.81 mmol) 1-Phenyl-1H-
tetrazole-5-thiol, 166.7mg (3.086 mmol) NaOMe was added and the mixture stirred under 
Argon at 0-5 
o
C for 1 h. This was then followed by the dropwise addition of 0.40 mL (2.81 
mmol) diethylchlorophosphite. The reaction mixture was then stirred at room temperature for 
16 h. After the reaction time had elapsed, the reaction mixture was filtered via canula and the 
filtrate dried in vacuo to yield the product. Appearance yellowish oil (Yield = 678 mg, 81%). 





H NMR (400 MHz, CDCl3, 30 
0
C) (ppm): 7.92 (d, 
3
J = 5.2 Hz, 2H, Harom), 7.47-
160 
 
7.43 (m, 3H, Harom); 3.76 (d, 
3
J = 7.2 Hz, 2H, HCH2), 1.33 (t, 
3










H} NMR (162 MHz, CDCl3): 8.34 18.54 HR-ESI-MS [M-PPh2]
-
 = 177.0218; 
Elemental analysis; Anal. calcd. for C11H15N4O2PS: C, 44.29%; H, 5.07%, N, 18.78% S, 
10.75%, Found C 44.00%; H 5.31%; N 18.33%, S, 10.29%. 
 
4.5.2 Synthesis of 5-((diethylphosphino)thio)-1-phenyl-1H-tetrazole (4.2) 
 
Into a Schlenk tube containing 10 mL diethylether solution of 500 mg (2.81 mmol) 1-phenyl-
1H-tetrazole-5-thiol, 166.7mg (3.086 mmol) NaOMe was added and the mixture stirred under 
Argon at 0-5 
o
C for 1 h. This was then followed by the dropwise addition of 0.34 mL (2.81 
mmol) chlorodiethylphosphine. The reaction mixture was then stirred at room temperature for 
16 h. After the reaction time had elapsed, the reaction mixture was filtered via canula and the 
filtrate dried in vacuo to yield the product. Appearance yellowish oil (Yield = 533 mg, 71%). 





H NMR (400 MHz, CDCl3, 30 
0
C) (ppm): 7.82 (d, 
3
J = 5.4 Hz, 2H, Harom), 7.57-
7.43 (m, 3H, Harom); 1.93 (d, 
3
J = 7.3 Hz, 2H, HCH2), 0.98 (t, 
3










H} NMR (162 MHz, CDCl3): 38.52 HR-ESI-MS [M+H]
+
 = 267.0888; Elemental 
analysis; Anal. calcd. for C11H15N4PS: C, 49.61%; H, 5.68%, N, 21.04% S, 12.04%, Found 
C, 49.46%; H 5.51%; N 19.77 %, S, 12.44%. 




Into a Schlenk tube containing 10 mL THF solution of 500 mg (2.81 mmol) 1-phenyl-1H-
tetrazole-5-thiol, 166.7mg (3.086 mmol) NaOMe was added and the mixture stirred under 
Argon at 0-5 
o
C for 1 h. This was then followed by the dropwise addition of 0.50 mL (2.81 
mmol) chlorodiphenylphosphine. The reaction mixture was then stirred at room temperature 
for 16 h. After the reaction time had elapsed, the reaction mixture was filtered via canula and 
the filtrate dried in vacuo to yield the product. Appearance colourless oil (Yield = 720 mg, 71 





H NMR (400 MHz, CDCl3, 30 
o
C) (ppm): 7.88 (d, 
3
J = 7.6 Hz, 4H, Harom), 7.73-7.47 




H} NMR (100.6 MHz, CDCl3): 163.67, 133.91, 133.77, 133.59, 
132.52, 132.44, 132.32, 132.18, 131.54, 131.34 130.07, 129.96, 129.38, 129.02, 128.80, 









 = 177.0222; Elemental analysis; Anal. calcd. for C19H15N4PS: C, 
62.97%; H, 4.17%; N, 15.46%; S, 8.85%, Found C, 62.46%; H, 4.51%; N, 15.88%; S, 9.01%. 
4.5.4 Synthesis of 5-((bis(3,5-dimethylphenyl)phosphino)thio)-1-phenyl-1H-tetrazole 
(4.4) 
 
Into a Schlenk tube containing 10 mL THF solution of 50 mg (0.281 mmol) 1-phenyl-1H-
tetrazole-5-thiol, 16.6 mg (0.31 mmol) NaOMe was added and the mixture stirred under 
Argon at 0-5 
o
C for 1 h. This was then followed by the dropwise addition of 77.5 mg (0.28 
mmol) chlorobis(3,5-dimethylphenyl)phosphine. The reaction mixture was then stirred at 
room temperature for 16 h. After the reaction time had elapsed, the reaction mixture was 
filtered via canula and the filtrate dried in vacuo to yield the product. Appearance white solid 
(Yield = 91 mg, 78%). Solubility: soluble in chloroform, DCM, DMSO; FT-IR (vmax/cm
-1
): 














H} NMR (100.6 MHz, CDCl3): 155.4, 136.21, 135.29, 134.99, 133.62, 133.44, 
133.22, 133.08, 132.84, 132.54 132.07, 131.89, 129.96, 129.74, 129.52, 128.94, 128.77, 









314.9029; Elemental analysis; Anal. calcd. for C23H23N4PS: C, 66.01%; H, 5.54%; N, 
13.39%; S, 7.66%, Found C, 66.25%; H 5.18%; N, 13.77%; S, 7.88%. 
 
4.5.5 Synthesis of 5-((bis(3,5-bis(trifluoromethyl)phenyl)phosphino)thio)-1-phenyl-1H-
tetrazole (4.5) 
 
Into a Schlenk tube containing 10 mL THF solution of 50 mg (0.281 mmol) 1-Phenyl-1H-
tetrazole-5-thiol, 16.6 mg (0.31 mmol) NaOMe was added and the mixture stirred under 
Argon at 0-5 
o
C for 1 h. This was then followed by the dropwise addition of 138.21 mg (0.28 
mmol) bis(3,5-bis(trifluoromethyl)phenyl)chlorophosphine. The reaction mixture was then 
stirred at room temperature for 16 h. After the reaction time had elapsed, the reaction mixture 
was filtered via canula and the filtrate dried in vacuo to yield the product. Appearance white 
solid (Yield = 148 mg, 83%). Solubility: soluble in chloroform, DCM, DMSO; FT-IR 
(vmax/cm
-1




H NMR (400 MHz, CDCl3, 30 
0





H} NMR (100.6 MHz, CDCl3): 161.29, 134.21, 134.09, 133.99, 133.52, 133.44, 





H} NMR (162 MHz, CDCl3): 13.30 HR-ESI-MS[M]
+
 = 634.5455; 
Elemental analysis; Anal. calcd. for C23H11F12N4PS: C, 43.55%; H, 1.75%, N, 8.83%; S, 
5.05%, Found C, 43.46%; H 1.53%; N, 9.02%; S, 4.99%. 
 




Into a Schlenk tube, 270 mg (0.75 mmol) 5-((diphenylphosphino)thio)-1-phenyl-1H-tetrazole 
(4.3) was added to 195 mg (0.75 mmol) of [PdCl2(MeCN)2] using 5.00 mL of DCM as 
solvent. The reaction mixture was then stirred for 24 h under argon at room temperature. 
After the reaction time had elapsed, the solvent was reduced in vacuo to yield the crude 
product. The crude product obtained was washed with 10 mL 1:1 (v:v diethylether:hexane) 
and subsequently dried in vacuo for 6 h to yield (4.6). Appearance reddish brown solid, 
(Yield = 365 mg, 91%).  Solubility: soluble in chloroform, DCM; FT-IR (vmax/cm
-1
): 1594.19 




H NMR (400 MHz, CDCl3, 30 
o





H} NMR (100.6 MHz, CDCl3): 134.02; 132.42; 132.08; 132.03; 131.96; 
131.79; 131.69; 131.34; 131.02; 129.47; 129.41; 129.21; 128.74; 128.61; 128.25; 128.03; 




H} NMR (162 MHz, CDCl3) (ppm): 78.78; HR-ESI-MS [M-
N2]
+
 = 509.0126; Elemental analysis; Anal. calcd. for C19H15Cl2N4PPdS: C, 42.28%; H, 
2.80%; N, 10.38%; S, 5.96%, Found C, 42.86%; H, 3.20%; N, 9.65%; S, 5.08%. 






Into a Schlenk tube, 86 mg (0.24 mmol) 5-((diphenylphosphino)thio)-1-phenyl-1H-tetrazole 
(4.3) was added to 95 mg (0.12 mmol) of [Ir(C5Me5)Cl2]2 using 5.00 mL of methanol as 
solvent. The reaction mixture was then stirred for 24 h under argon at room temperature. 
After the reaction time had elapsed, the precipitate formed was filtered off, and the filtrate 
dried with the crude product obtained being washed with 10 mL 1:1 (v:v diethylether:hexane) 
and subsequently dried in vacuo for 6 h to yield (4.7). Appearance: Orange solid, (Yield = 94 
mg, 52%).  Solubility: soluble in chloroform, DCM, methanol; FT-IR (vmax/cm
-1
): 3050.47 (s, 




H NMR (400 MHz, CDCl3, 30 
o
C) (ppm) = 7.67-




H} NMR (100.6 





(162 MHz, CDCl3) = 76.92; HR-ESI-MS [M-Cl]
+
 = 565.1045; Elemental analysis; Anal. 









The residue obtained from the procedure above in the synthesis of 4.7 was washed with 10 
mL 1:1 (v:v diethylether: hexane) and dried in vacuo to yield (4.8). Appearance: yellow solid, 
(Yield = 77 mg, 43%).  Solubility: soluble in chloroform, DCM; FT-IR (vmax/cm
-1
): 2968.50 




H NMR (400 MHz, CDCl3, 
30 
o
C) (ppm) = 8.05 (m, 2H, Harom), 7.80 (m, 2H, Harom), 7.64 (m, 2H, Harom), 7.44 (m, 6H, 




H} NMR (100.6 MHz, CDCl3): 133.64; 
133.55; 133.40; 133;20; 132.91; 132.78; 132.68; 132.42; 132.12; 131.31; 129.09; 128.44; 




H} NMR (162 MHz, CDCl3) = 56.83; HR-ESI-MS [M-Cl]
+
 = 
707.1599; Elemental analysis; Anal. calcd. for C29H31ClIrN4OPS: C, 46.92%; H, 4.21%; N, 
7.55%; S, 4.31%, Found C, 47.11%; H, 4.61%; N, 7.82%; S, 4.12%. 
4.5.9 Synthesis of [IrCp*Cl(P(Ph-CF3)2OH)S-Tz] (4.9) 
 
Into a Schlenk tube, 70 mg (0.11 mmol) of 5-((bis(3,5-
bis(trifluoromethyl)phenyl)phosphino)thio)-1-phenyl-1H-tetrazole (4.5) was added to 44 mg 
(0.05 mmol) of [Ir(C5Me5)Cl2]2 using 5.00 mL of CHCl3 as solvent. The reaction mixture was 
then stirred for 24 h at room temperature. After the reaction time had elapsed, the solvent was 
dried with the crude product obtained being washed with 10 mL 1:1 (v:v diethylether:hexane) 
and subsequently dried in vacuo for 6 h to yield (4.9). Appearance: orange solid, (Yield = 37 
mg, 67%).  Solubility: soluble in chloroform, DCM, THF; FT-IR (vmax/cm
-1
): 2974 (s, P-OH), 




H NMR (400 MHz, CDCl3, 30 
0
C) 




H} NMR (100.6 MHz, CDCl3): 160.11, 135.99, 134.69, 133.82, 133.52, 133.44, 133.08, 
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132.99, 132.42, 131.54, 131.07, 130.00, 129.96, 129.44, 129.36, 129.00, 128.66, 128.00, 




H} NMR (162 MHz, CDCl3) = 55.15 ; HR-ESI-MS [M-Cl]
+
 = 
979.1093. Anal. calcd. for C33H27ClF12IrN4OPS: C, 39.08%; H, 2.68%; N, 5.52%; S, 3.16%, 
Found C, 40.12%; H, 3.01%; N, 5.61%; S, 3.33%. 
 
4.5.10 Synthesis of [Pd2(STz)4] (4.10) and [PdCl2(OH)2P2(OEt)4] (4.10a) 
 
Into a Schlenk tube, 111 mg (0.37 mmol) O,O-diethyl S-(1-phenyl-1H-tetrazol-5-yl) 
phosphorothioite (4.1) was added to 96 mg (0.37 mmol) of [PdCl2(MeCN)2]  using 5.00 mL 
of DCM as solvent. The reaction mixture was then stirred for 24 h under argon at room 
temperature. After the reaction time had elapsed, the solvent was reduced in vacuo to yield 
the crude product. The crude product obtained was washed with 10 mL 1:1 (v:v 
diethylether:hexane) and subsequently dried in vacuo for 6 h to yield a mixture of (4.10 and 
4.10a) Appearance reddish brown solid, (Yield = 139 mg).  Solubility: Soluble in chloroform, 
DCM; FT-IR (vmax/cm
-1
): 1594.19 (C=N). 
1
H NMR (400 MHz, CDCl3, 30 
o
C) (ppm): 7.76 (d, 
3
J = 6.8 Hz, Harom), 7.53-7.28 (m, Harom); 4.20 (d, 
3
J = 4 Hz, HCH2), 1.37 (t, 
3





H} NMR (100.6 MHz, CDCl3): 131.26; 130.16; 130.08; 129.58; 129.48; 123.95; 




H} NMR (162 MHz, CDCl3): 71.99; Elemental 
analysis; Anal. calcd. for C44H64Cl4N16O12P4Pd4S4: C, 28.90%; H, 3.53%; N, 12.26%; S, 







4.5.11 Synthesis of [Pd2(STz)4] (4.10) 
 
Into a Schlenk tube, 13.7 mg (0.077 mmol) 1-phenyl-1H-tetrazole-5-thiol was added to 10 
mg (0.038 mmol) of [PdCl2(MeCN)2] using 0.5 mL of CDCl3 as solvent. 25 µL (0.18 mmol) 
of Et3N was then added to the reaction mixture stirred for 24 h at room temperature. After the 
reaction time had elapsed, the solvent was reduced in vacuo to yield the crude product. The 
crude product obtained was washed with 1 mL diethylether and subsequently washed with 1 
mL H2O. The product was then dried in vacuo for 6 h to yield (4.10) Appearance reddish 
brown solid, (Yield = 15.1 mg, 81 %).  Solubility: soluble in chloroform; 
1
H NMR (400 
MHz, CDCl3, 30 
0
C) (ppm): 7.77 (d, 
3




H} NMR (100.6 
MHz, CDCl3): 130.21; 129.46; 123.55; HR-ESI-MS [M-2tz]
+
 = 566.1632; Elemental 
analysis; Anal. calcd. for C32H31N16Pd2S4: C, 39.19%; H, 3.19%; N, 22.85%; S, 13.08%, 
Found C, 28.99%; H, 3.51%; N, 12.55%; S, 7.24%. 






Into a Schlenk tube, 100 mg (0.335 mmol) O,O-diethyl S-(1-phenyl-1H-tetrazol-5-yl) 
phosphorothioite (4.1) was added to 134 mg (0.168 mmol) of [Ir(C5Me5)Cl2]2 using 5.00 mL 
of MeOH as solvent. The reaction mixture was then stirred for 3 h at room temperature under 
argon after which 56 mg (0.335 mmol) of NaPF6 was added. The reaction mixture was the 
stirred for 24 h under argon at room temperature. After the reaction time had elapsed, the 
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precipitate formed was filtered off and the filtrate dried and washed with 10 mL 1:1 (v:v 
diethylether:hexane) followed by drying in vacuo to yield 4.11.  
Into a Schlenk tube containing 10 mg of [Ir(C5Me5)Cl2]2 (0.0125 mmol), 6.68 mg (0.0375 
mmol) of 1-phenyl-1H-tetrazole-5-thiol was dissolved in 5.00 mL of chloroform and added 
followed by the addition of 5.2 µL (0.0375 mmol) Et3N. The reaction mixture was then 
stirred for 16 h at room temperature. After the reaction time had elapsed, the solvent was 
evaporated off and the crude product was washed with 20 mL diethyl ether followed by water 
20 mL to yield 4.11.  
 
Appearance: orange solid, (Yield = 101 mg, 68 %).  Solubility: soluble in chloroform, DCM, 
methanol; FT-IR (vmax/cm
-1





NMR (400 MHz, CDCl3, 30 
o
C) (ppm) = 8.19 (m, 2H, Harom), 7.79 (m, 5H, Harom), 7.59 (m, 




H} NMR (100.6 MHz, CDCl3): 









H} NMR (400 MHz, CDCl3) = -72.86, -74.75; HR-
ESI-MS [M-Cl]
+
 = 1187.2327; Elemental analysis; Anal. calcd. for C41H45F6Ir2N12PS3: C, 
36.98%; H, 3.41%; N, 12.62%; S, 7.21%, Found C, 36.46%; H, 3.51%; N,  12.24%; S, 
7.55%. 




Into a Schlenk tube, 50 mg (0.067 mmol) (4.8) was added to of 15.2 mg (0.067 mmol) 
SnCl2.2H2O using 5.00 mL of DCM as solvent. The reaction mixture was then stirred for 3 h 
under reflux. After the reaction time had elapsed, the solvent was removed in vacuo and the 
crude product washed with hexane to yield 4.12. Appearance: yellow solid, (Yield = 58 mg, 
94%).  Solubility: soluble in chloroform, DCM; FT-IR (vmax/cm
-1
): 3064.94 (s, P-OH) 




H NMR (400 MHz, CDCl3, 30 
o
C) (ppm) 
= 9.35 (s, 1H, HOH), 7.95 (m, 2H, Harom), 7.91 (m, 2H, Harom), 7.64 (m, 2H, Harom),  7.57 (m, 






H} NMR (100.6 MHz, CDCl3): 
168 
 
136.61; 134.51; 133.30; 133;22; 132.99; 132.66; 132.61; 132.39; 132.12; 131.51; 129.19; 




H} NMR (162 MHz, CDCl3) = 52.43; HR-ESI-MS [M-
SnCl3]
+
 = 707.1576; Elemental analysis; Anal. calcd. for C29H31IrN4OPSSn: C, 37.38%; H, 
3.35%; N, 6.01%; S, 3.43%, Found C, 37.24%; H, 3.67%; N, 5.65%; S, 3.52%. 
 




Into a Schlenk tube, 10 mg (0.013 mmol) (4.7) was added to of 2.7 mg (0.013 mmol) 
SnCl2.2H2O using 5.00 mL of DCM as solvent. The reaction mixture was then stirred for 3 h 
under reflux. After the reaction time had elapsed, the solvent was removed in vacuo and the 
crude product washed with hexane to yield 4.13. Appearance: yellow solid, (Yield = 10 mg, 
81%).  Solubility: soluble in chloroform, DCM; FT-IR (vmax/cm
-1
): 2920.28 (s, P-OH).  








H NMR (400 MHz, CDCl3, 30 
o
C) 




H} NMR (100.6 MHz, CDCl3): 132.65; 132.25; 132.11; 131.78; 131.40; 131.29; 




H} NMR (162 MHz, 




H} NMR (187 MHz, CDCl3) = -295.52 ppm (d, J=448.8 Hz). HR-
ESI-MS [M-SnCl3]
+
 = 565.1034; Elemental analysis; Anal. calcd. for C22H26Cl4IrOPSn: C, 
33.44%; H, 3.32%; Found C, 33.46%; H 3.51%. 
4.5.15 Synthesis of Intermediate C 
 
Into a stainless steel reactor, 15 mg (0.0202 mmol) (4.12) was dissolved in 0.5 mL 4:1 
water:THF mixture and added to 6.2 µL of DBU (0.0404 mmol). The reactor was then 
pressurized with 5 bar H2 and subsequently stirred at 100 
o
C for 1 h. After the reaction time 
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had elapsed, the reactor was cooled and the gas vented out. The crude mixture was then dried 
at 90 
o
C under vacuum to remove the solvent. The crude product was washed with diethyl 
ether. Appearance: Yellow solid, (Yield = 13 mg, 75 %).  Solubility: soluble in THF; 
1
H 
NMR (400 MHz, D2O + THF-d8, 30 
o
C) (ppm) = 7.80-7.26 (m, 15H, Harom), 3.51 (m, 3H, 
HDBU); 3.10 (m, 1H, HDBU); 2.00-1.60 (m, 4H, HDBU); 1.56(s, 15H, HCp
*





H} NMR (100.6 MHz, CDCl3): 137.99; 136.52; 134.33; 133;21; 132.98; 132.68; 
132.51; 132.39; 132.22; 131.63; 129.31; 129.05; 127.91; 95.31; 50.55; 44.32; 28.33: 28.20; 
27.77; 27.50; 23.32; 9.07;  HR-ESI-MS [M]
+
 = 708.1615; Elemental analysis; Anal. calcd. 
for C38H47IrN6OPS: C, 53.13%; H, 5.51%, N, 9.78% S, 3.43%, Found C, 52.77%; H, 5.67%; 
N, 10.01%; S 3.51%. 
 
4.5.16 Synthesis of intermediate F 
 
Into a stainless steel reactor, 15 mg (0.011 mmol) 4.11 was dissolved in 0.5 mL of 
chloroform. The reactor was then pressurized with 5 bar H2 and subsequently stirred at 100 
o
C for 1 h. After the reaction time had elapsed, the reactor was cooled and then vented. The 
solvent was removed from the crude mixture at 90 
o
C under vacuum. The crude product was  
washed with diethyl ether. Appearance: yellow solid, (Yield = 11 mg, 82 %). 
1
H NMR (400 
MHz, CDCl3, 30 
o
C) (ppm) = 8.19 (m, 2H, Harom), 7.79 (m, 5H, Harom), 7.56 (m, 8H, Harom), 




H} NMR (100.6 MHz, CDCl3): 135.71; 
133:66; 133.32; 133;21; 132.81; 132.65; 132.21; 94.03; 93.71; 9.09; 8.77; HR-ESI-MS [M]
+
 
= 1189.2356; Elemental analysis; Anal. calcd. for C41H47F6Ir2N12PS3: C, 36.93%; H, 3.55%; 






4.5.17 Synthesis of intermediate J 
 
Into a stainless steel reactor containing 10 mg (0.0185 mmol) of 4.6 dissolved in 0.5 mL 4:1 
water:THF mixture was added 10 mg of (0.1190 mmol) NaHCO3. The mixture was then 
stirred at 100 
o
C for 1 h. After the reaction time had elapsed, the reactor was cooled and the 
dried. This was then followed by dissolving the crude mixture in THF 5 mL and filtering. The 
filtrate was then dried to yield J. Appearance: yellow solid, (Yield = 13 mg, 75 %).  
Solubility: soluble in THF; 
1
H NMR (400 MHz, D2O + THF-d8, 30 
o
C) (ppm) = 7.66-7.64 




H} NMR (100.6 MHz, CDCl3): 134.33; 132.21; 
132.09; 132.03; 131.98; 131.74; 131.59; 131.35; 131.02; 129.42; 129.33; 129.20; 128.91; 




H} NMR (162 MHz, CDCl3) (ppm): 
20.59;  HR-ESI-MS [M-Ph]
+
 = 487.1216, [M-N2]+ = 537.1580; Elemental analysis; Anal. 
calcd. for C20H16ClN4O3PPdS: C, 42.50%; H, 2.85%; N, 9.91%, Found C, 42.86%; H, 3.01%; 
N, 10.20%. 
4.6 General CO2 hydrogenation reaction. 
Into a stainless steel reactor, 1 µmol of the appropriate catalyst was dissolved in 10 mL of 
appropriate solvent. 1.44 mmol of the appropriate base was added and the resulting solution 
pressurized with the required CO2:H2 mixture. The reaction mixture was then stirred at the 
appropriate temperature for the required time at 1500 rpms. After the reaction time had 
elapsed, the reactor was cooled and the gasses slowly vented. 0.4 mL of the contents of the 
reactor were sampled and added to 0.2 mL of D2O and 5 µL of DMF (as standard). Amounts 
of product (formate) obtained was calculated by integral relations between singlet formate 
peak at 8.3 ppm and the singlet DMF formamide peak at 7.9 ppm in the 
1
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Overall conclusions and future outlook 
 
5.1 General conclusions 
 
A variety of N^N bidentate tetrazolyl pyrazolyl ligands with and without proton responsive 
OH or NH groups were successfully synthesized by reaction of different alkylnitriles with 
sodium azide using triethyl amine hydrochloride as catalyst. Reaction of these ligands with 
the appropriate metal precursors yielded palladium(II), ruthenium(II) or iridium(III) tetrazolyl 
pyridyl complexes. Subsequent derivatization of the ruthenium(II) and iridium(III) chloro 
complexes resulted in the formation of ruthenium(II) and iridium(III) aqua, sulfato or hydrido 
complexes. These ligands and complexes were appropriately characterized by a variety of 
techniques such as NMR, Mass spectrometry and elemental analysis. Evaluation of the 
various precatalysts for CO2 hydrogenation demonstrated iridium(III) precatalysts as the most 
active catalytic system. In addition, the presence of proton responsive groups or different 
transition metals resulted in a slightly different mechanism of action during CO2 
hydrogenation. Iridium(III) precatalysts devoid of any proton responsive group were found to 
form the catalytically active iridium hydride species by first forming an Ir-H-Ir bridged 
species. For this class of precatalysts, CO2 as well as bicarbonate reduction resulted in the 
production of formate. Introducing a proton responsive group altered the route of formation 
of the active iridium hydride species from the Ir-H-Ir route to an oxyanion assisted route. 
However, the presence of this proton responsive group results in CO2 being preferably 
reduced as compared to bicarbonate ions. However, in the case of ruthenium(II) proton 
responsive tetrazolyl groups, the role of the proton responsive oxyanion group was found to 
be diminished towards ruthenium hydride formation. In addition, both CO2 and bicarbonate 
could be hydrogenated by these catalytic systems. Overall, the presence of either proton 
responsive or electron-donating groups was found to increase catalytic activity of these 
classes of complexes for CO2 hydrogenation. TONs as high as 3000 with base conversion 
around 61% indicates these classes of catalysts as viable CO2 hydrogenation catalysts. 
P-S monodentate aryl tetrazolyl ligands were also prepared by carrying out substitution 
reactions by reacting 1-phenyl-1H-tetrazole-5-thiol with a slight excess of NaOMe and an 
appropriate chlorodialkylphosphine. Reaction of this P-S tetrazolyl ligands resulted in the 
formation of chiral-at-metal iridium(III) and palladium(II). As a result of P-S heterolysis 
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during complexation, iridium(III) complexes were formed having proton responsive P-OH 
groups. Derivatization of the iridium(III) complexes with SnCl2 resulted in the formation of 
various Ir-Sn bimetallic complexes. From these reactions, an interesting heterobimetallic 
five-member heteroatomic ring structure was synthesized. Similarly, a palladium(II) paddle 
wheel and an Ir(III)-Ir(III) bimetallic Cp
*
 complexes were accidentally prepared. These mono 
metallic and bimetallic Iridium and palladium complexes were evaluated as catalysts for CO2 
hydrogenation. TONs around 1800 and 3100 could be obtained for the monometallic and 
bimetallic complexes respectively. During the CO2 hydrogenation catalytic cycle, it was 
found that P-OH group present on the monometallic precatalysts function as proton 
responsive groups that assist in heterolytic H2 cleavage prior to the formation of the iridium 
hydride active species. In addition, bicarbonate ions being formed in situ as well as CO2 
could be hydrogenated to give formate. However, the presence of electron-withdrawing 
groups that were too far from the metal center did not significantly affect catalytic activity.   
Generally, despite these classes of complexes not being as active as other  classes reported in 
literature, several important outcomes can be noticed. Primarily, this work brings to our 
attention several intermediates in our understanding of the current iridium or ruthenium 
catalyzed CO2 hydrogenation may be too short lived in order to be identified and properly 
investigated. Similarly, a new class of proton responsive P-OH groups for CO2 hydrogenation 
has been introduced which has previously not been investigated. This avails the possibility of 
increasing TON of previously reported systems by designing catalysts that include more than 
one or  two (OH and/or NH) proton responsive groups for enhanced catalytic activity. 
 
5.2 Future prospects 
 
Considering the high homogeneous CO2 hydrogenation activity of the catalysts prepared in 
this work, these catalysts may be heterogenized in order to allow reuse and recycling. 
Supported ionic phase catalysts serves as one approach of heterogenizing these homogeneous 
catalysts. SILP catalysts provide a stable framework for highly demanding, thermal, chemical 
or mechanical conditions employed for various catalytic reactions. Catalyst retention and 
recyclability is also greatly enhanced especially with SILP catalysts synthesized from 
magnetite from which separation is instantaneous in the presence of a magnet.
1,2
 In addition 
to increased stability provided by the support, ionic liquids present in SILP catalysts also play 
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a role during catalysis. SILP catalysts containing simple homogeneous [Ru3(CO)12] have 
been reported to be effective for CO2 hydrogenation with TONs as high as 17000. The 
presence of ionic liquids demonstrated synergistic effects when used with transition metal 
catalysts for CO2 hydrogenation to formic acid. Catalytic activity was enhanced by the 
presence of the ionic liquid where they act as catalyst stabilizers during the various stages of 
the catalytic cycle or by driving the equilibrium reaction towards formation of formic acid.
3
 
As such homogeneous CO2 hydrogenation catalysts can be heterogenized by dissolving these 
catalysts in an ionic liquid layer and applying this layer as a thin coat on an appropriate 
support prior to CO2 hydrogenation. With the presence of OH, NH or P-OH groups, transition 
metal catalytic systems, can be directly immobilized on supports by functionalizing the 
corresponding ligands and complexes with appropriate silyl groups to reinforce 
immobilization on support material(Figure 5.1). The immobilized catalysts can then be 
coated with a second ionic layer to further reduce the likelihood of catalyst leaching. 
Similarly, CO2 could be hydrogenated to formic acid using deep eutectic solvents or ionic 
liquids as solvents in order to easily separate the product from catalytic material. 
 





Since formates were preferably formed using these iridium, palladium or ruthenium tetrazolyl 
catalytic systems, derivatization to other forms that could generate other CO2 hydrogenation 
products can be investigated. In the case of the N^N bidentate ligands, the pendant OH 
groups could be changed to O-P(alkyl)2 groups that can function as pincer ligands (Scheme 
5.1).  
 
Scheme 5.1: P^N^N tetrazolyl ligands and complexes for cascade CO2 hydrogenation to 
methanol 
This is an important ligand system since ruthenium P^N^N catalytic systems have been 
reported to hydrogenate CO2 to methanol in a cascade approach
4
 and even while using a 
single component catalyst.
5
 In a cascade approach, CO2 can be hydrogenated to form formic 
acid which in the presence of an alcohol and suitable catalyst forms alkyl formates. 
Hydrogenating this alkyl formate yields formaldehyde and subsequent hydrogenation of the 
formaldehyde yields methanol. This route is desirable considering the diverse industrial 
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